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On the Lifetime of the Lower Triplet States of Benzene 
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Transition probabilities and selection rules are calculated for the lower triplet-singlet transitions of ben- 
zene. The relativistic spin-orbit coupling term combines the triplet state with an intermediate singlet 
state, and then dipole transition to the ground state occurs. The selection rules are deduced group-theo- 
retically, and the transition probabilities are calculated using the LCAO one-electron approximation. The 
effect of vibration is discussed. The theoretical results obtained agree with Shull’s and McClure’s experi- 


mental results. 





1. INTRODUCTION 


UR knowledge of triplet states of molecules is 

small compared to that of singlet states. But it 
seems necessary to study triplet states since they are 
as important as singlet states in the theory of electronic 
structure of molecules. We consider here a theoretical 
study of the triplet states of benzene. 

Shull' has observed experimentally the emission of 
light at 3400A from benzene. Since the intensity was 
very weak, he concluded it corresponded to a triplet- 
singlet transition, and analyzing the fine structure he 
found it could be explained by e,+ and be, vibrations. 
Since these two vibrations appear in 'B,,—'A1, and 
'E,*'A,, forbidden transitions, he assumed that the 
triplet-singlet transition occurred through 'By, or 'E,,+ 
as the intermediate state. Assuming that benzene had 
no E,* state since the number of electrons in this 
molecule was even, he concluded that the triplet state 
he observed was *By,, as it is mixed with 'B,,. McClure? 
Proposed a theory for the triplet-singlet transition and 
confirmed the conclusion obtained by Shull.! He as- 
sumed a spin-orbit coupling term 


w=; » rin {OV (rix)/Orix} LeiSeitlySyitlSei) (1) 


coupled triplet and singlet states with each other, 
Sees 


i. Shull, J. Chem. Phys. 17, 295 (1949). 
D.S. McClure, J. Chem. Phys. 17, 665 (1949). 


where i numbers the electrons, & the nuclei, 7; is the 
distance between the ith electron and &th nucleus, 
V(r) their mutual potential at distance riz, /2:, and $2; 
are the x components of orbital and spin angular mo- 
mentum of ith electron, respectively.* He deduced the 
selection rule group-theoretically. 

On the other hand, the present conclusion of the 
theory of electronic structure of benzene is that the 
lowest triplet state is *B,,; then comes *#,-, and the 
3Bo, state has higher energy than these two states.* 
Craig* examined the discussion of Shull! and McClure? 
and found that there was a possibility that the inter- 
mediate state in the transition observed by Shull was 
1F,,*+ instead of 1By,, in which case the initial triplet 
state was *Bi,. 

The lifetime of this triplet state was measured by 
McClure’ to be about seven seconds. 


2. MAGNETIC DIPOLE TRANSITION 


The perturbation which is responsible for the mag- 
netic transition is proportional to H(Z+2S), where H 
is the external magnetic field, Z and S are the orbital 
and spin angular momentum, respectively. If we assume 
that the wave function of our molecule is factorized 


*In McClure’s original paper (reference 2) there were some 
misprints concerning this formula. 

3D. P. Craig, Proc. Roy. Soc. (London) A200, 401, 474 (1950). 

4D. P. Craig, J. Chem. Phys. 18, 236 (1950). 

5D. S. McClure, J. Chem. Phys. 17, 905 (1949). 
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into spin and orbital parts as YO, the matrix element of 
the above term has a factor fWW’ or (Q0O’, where 
W and @ are the two parts of the wave function of the 
triplet state, while W’ and ©’ are those of the singlet 
state. The spin functions of states with different multi- 
plicity belong to different representations in the permu- 
tation group, and accordingly the orbital parts of the 
wave functions also belong to different representations 
in the same group, being adjoint to the spin part. Thus 
in this case fVW’= (00’=0, which shows that the 
magnetic transition cannot take place in the triplet- 
singlet transition. 


3. RELATIVISTIC EFFECT 


Dirac’s equation for an electron is approximated by 
the following one, when the velocity is small, 


L(p?/2m)+ V+ {ih/(2mc)*} (gradV - p) 
—{h/(2mc)*}e-(gradV X p) ]W=EW, (2) 


where p is the momentum, ¢ is the spin, and V is the 
potential. The first two terms in the left-hand side of 
this equation are the nonrelativistic terms, while the 
other two terms are the relativistic correction, among 
which the last one is responsible for spin-orbit coupling. 
V is to be interpreted, in our case, as the Hartree field 
due to nuclei and electrons other than the one under 
consideration. If V has spherical symmetry as in the 
case of an atom, we obtain McClure’s formula (1) from 
the last term in the left-hand side of Eq. (2), but in ben- 
zene this is not the case. 

If benzene is assumed to have the symmetry of Den 
in the triplet state under consideration, it is convenient 
to adopt cylindrical coordinates whose origin is the 
center of molecule and z axis is perpendicular to the 
plane of molecule. Then 


gradV = (0V/dr)i:+ (OV /r00)i2+(0V/d2)iz, (3) 


where ij, ig, and i; are the unit vectors in the direction 
of r, 6, z, respectively. In this system the last term in 
Eq. (2) is 


h? |. o(— ad 0Va~ +e (— 0 OV ~) 
4(2mc)? r00dz dz rd0 dz Or Or dz 
OV 0 ava 


o 
Or 100 700 0r 





; (4) 


If we take x and y axes perpendicular to the z axis, 


TABLE I. Representations of the intermediate singlet states 
which can be combined with the three lower triplet states through 
each term of (6). 











Triplet state Cx oz 
5Boy 1f,* 1Biy 
ie 1A iu, 14 2uy 1f,* 1Fy ‘’ 
3Biu 1z* 1Boy 
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o1=0, Cosd—oy, sin8, ¢z=0, sind+c, cos0, and denote 
0,=Cr+l0y, 0_=02—iWy, 


the relativistic term (4) can be written as 


Hrea= — {h?/i(2mc)*} {o,¢'8(A —1B) 
+o_e-**(A+iB)+o,C}, (6) 


"ae av ay) 
~— 9\1a082 92 700 


wv 
— 

nN 
a] 


1s/0V 0 OVa 
“GID 

2\0z Or Or dz 
_oV 0 Ova 


Or r00 rd or E 





In the full Hamiltonian this term must be summed over 
all electrons. 


4. GROUP-THEORETICAL CONSIDERATION 


The representation to which each operator belongs 
in the point group Dg, is 


d/r90~ Aa, 9/02~Arn 
Thus in Eq. (6) 
A~ Au, Br~ Anau, C~ Aoag. (8) 


Taking into account that e+ belongs to the representa- 
tion E,-, we get our final conclusion that in formula (6) 


a/ar~Ary. (1) 


the coefficient of o; belongs to the representation 
E,, and that of o, to Agy. (9) 


This conclusion is the same as McClure’s,’ so that 
our Table I, which shows those singlet states which can 
be combined with the three lower triplet states through 
each term of formula (6), is the same as his. Of these 
singlet states cited there, only 'Ao, can be combined 
with ground state by electron dipole; thus if the effect 
of vibration is neglected only *Z,- can be combined 
with ground state. The effect of vibration is discussed 
in Sec. 7 of this paper. 

In the following calculation we shall adopt LCA0 
approximation. In this approximation MO can be 
written as 


5 
o=o7F eiltnisy, (J=0, +1, +2, 3), (10) 
n=0 


where ¢, is the AO localized on the wth carbon atom. 
The symmetry properties of MO which are constructed 
from those AO which will be considered in the rei 
sections are shown in Table II, where subscripts r, 6, 
z denote the directions perpendicular to which thes 
AO have nodes. 


In the LCAO one-electron approximation, the thre 
lower triplet states under consideration have the 


02> 03, (5) 
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configuration TaBLeE II. Symmetry of the MO which are constructed 


from some AO. 
(1s)!(2s)®(2p0)°(2p,) *po°di*de, (11) 


where ¢ means MO constructed from 2, AO, and its se 

subscript is the value of |/|. MO constructed from 1s, Pry ha 2 Bt 

2s, 2po, 2p are not shown explicitly. te, de i r Bp, 
There are two possible ways by which these triplet P pr , fu _" 

states can be combined with ground state, by means of aime = - + 4 

the relativistic effect (6) and the interaction with an 


aternal field. The first of these is The restrictions corresponding to (13a) and (14a) are 








AO l=+1 t=+2 L=3 











triplet (15)"(28)"(2po)"(2p 1) *bo'dribs y’ must belong to a representation 
state + 
relativistic nd PAGE (13b) 
effect aie 
J and 
intermediate (1s)!(2s)®(2p9)°(2p,) *dodi*p (12a) 
| 


state y’ must belong to a representation 


ed ov 
wintiiian interaction with Pe or Bo, or Eg, (14b) 


external field E,*, 
| 


ground (1s)!2(2s)®(2p9)®(2p,) po°pr'oi. thus y’ must belong to a representation E,* or E,~. 


— 5. CALCULATION OF MATRIX ELEMENTS OF 


The y-orbital which appears in the intermediate state RELATIVISTIC EFFECT 
is restricted in its symmetry property as follows: Slater determinantal wave functions are adopted. 
The matrix element for the case of (12a) is easily 


simplified to the following: 

a(1)a(2) | 
representation rey maieiea. (13a) 4 { 6:%(1)6:%0) et 
B(1)B(2) 


In order to be combined with ¢2 


through i — y must belong to a 


resenta- o, term, 


nula (6) 
entation 
(9) @ while in order to be combined with ¢2 through 


so that dipole moment ov #w Y must belong to a X Arei(2)b1(1) (2) {a(1) 8 (2) 
rich can zy 


y As + 
Sao mepensentation hy mer (14a) —B(1)a(2)}dridre. (15a, b, c) 


ymbined thus Y must belong to a representation E,; or E,,*. , : 
ne effect 6 P : Using the relations o,8=a, c_a=$, ca=a, etc., 


smbined jg /he second kind of transition is (15a, b, c) are reduced to 


iscussed 


triplet state (1s, 2s, 2p0, 2p,)*po°h®o’ 
| 


. LCAO — (7?/25i(2mc)"} f o2*e"(A—iB)ydr, (16a) 


relativistic 
can be 


effect 
 . | (H°/i(2me)) f oxtCbar, (16b) 
Intermediate (1s, 2s, 2p, 2p,)**po°h1*hob1 
(10) state | (12b) 
interaction with , , . 
external field {h?/24i(2mc)*} forte +iB)jdr,  (16c) 
5 
ground state (1s, 2s, 2p», 2p,)*du°br W’d1, respectively. If we introduce 


where an electron which was in a y’ orbital (one of the 
bitals 1s, 2s, 2p», 2p,) is excited to gi, and then an g2= 674d) c®rn/80,, 


electron in the $2 orbital makes a transition to the y’. 
— : 


y= 6-3 > ettrnlsy 
n 


t In our calculation, configuration interactions are all neglected. 
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TABLE III. Matrix elements of the relativistic effect. 








(2p.| eA |3p,)=0.138 
(2p.| eA | 2s)=0.0085 


{2p,|e'8A |2p,)=4.73 

(2p,| e*84 | 1s)=0.0025 

(2p,| €8A |3s)=0.0336 

(2p.| eB |npz)= (2p.| eA |mpy) 
(2pz| eB |3d)=0.082 
(2p2|C|f)=0 








Eqs. (16a, b, c) can be written as 
— (/24i(2me)) | gue" -iB) (os 


5 
+D e®*/3y,’)dr, |1|=1, (18a) 


n=1 


5 
(i/i(2me)9 f exer +E e*Ye, dr, 
n=1 


|7|=2, (18b) 


{1?/24i(2mec)?} f gee" A-+4B) (oy! 
5 
+E e®nl8y,\dr, |I|=3. (18c) 
n=1 


If we neglect the integrals between different AO, Eqs. 
(18a, b, c) are approximated as 


~ {12/24 (2me)?} f gut(A—4B)py'dr, (19a) 


{h?/i(2mc)*} f goC go dr, (19b) 


{12/2¥i(2mc)?} f gue A+44B)gy'dr. (19c) 


For the process (12b) the same formulas as (19) are 
obtained in our approximations. 
One obtains 


f goe*®A go'dr 


= f COSO+ oA yo'dr+i f sin®- goA go’ dr 
= f goA go’ dr+i f Og0A go'dr 


1 0Va ava 
#5 foo(— ————— ) adr 
2 Oy dz Oz dy 


$ 0Va ava 
— yeo(————— oar 


2a Oy dz Oz Oy 
1 Igo9go Ago Igo’ 
=- [v(— = dar 
2 dz dy dy a2 





i Ipoy Apo’ Agoy Igo’ 
+= fr( ar, (20a) 
2a dz Oy dy az 
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where a is the distance of the carbon atom from the 
center of molecule, and the origin of the xyz system js 
the nucleus of Oth carbon atom, x, y, 2 being parallel 
to r, 0, z, respectively. If go is a , orbital, it can he 
seen that go’ must be g and s, in the first and the second 
terms of the above formula, respectively; otherwise 
they are zero. In the same way one obtains 


: 1 Igo Ago Og Ago’ 
J ee*Bevare— fv —_——_——-— Nar 
: 2 Oz Ox Ox Oz 


i Igoy Igo’ IAgoy Ago’ 
-— v( — )er (20b) 
2a Ox Oz 


: Igo Igo Ign Ago’ 
f goC go'dr= f v(= oe — Ver. (20 
Ox dy dy Ox 


For V we adopt the following expression for both cases 
(12a) and (12b), neglecting ionic structures of the 
molecule and the effect of the neighboring atoms, 


Voi (1s)? (2s)? 
—=—-42f dro f drs 
e R Ti2 T12 
2p.) 2p,)2 
f= pz) iret [2 bu) ine (20 
12 


Ti2 
Hybridization makes no change in the above formula 
(21). For each AO a Slater function is used, whose 
effective charge is, for each orbital, 


1s:5.65, 2s,26:3.25, 3s,3p:1.45, 3d: 1.00, 


respectively.® Terms other than the first one in formula 
(21) are calculated by expanding riz! in spherical 
harmonics.’ The results are shown in Table III. 





Oz Ox 

















6. CALCULATION OF LIFETIME 


The formula for the lifetime 7 of the triplet state is 


1 Amy t| ret . 
— ine, | 


c dhe ls E;—E, 





where / is the triplet state under consideration, 0 is the 
ground state, i is the intermediate state, and is the 
frequency of light emitted in this transition. 

Since the matrix element of C is zero in our approx 
mation (see Table III), conditions (13) and (14) are 


TABLE IV. Matrix elements of the dipole moment. 








(2p2|u|1s) =0.025 
(2p2|u|2s) =0.89 
(2p2|u|3s) =0.29 
(2p2|u|2p9)=2.1 








6 J. C. Slater, Phys. Rev. 36, 57 (1930). ’ , 
7. U. Condon and G. H. Shortley, Theory of Atomic Specr 
(Cambridge University Press, London, 1935), p. 321. 
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y must belong to E,", 
y’ must belong to E,*. 


If the LCAO one-electron approximation is good for 
2p, 2pr, and 2s, then y and y’ cannot be 29 or 2s orbi- 
tals, since in this approximation there are already four 
dectrons in |/| =1 state (Z,—), while |/| =2 state (E,*) 
is empty. But, for these orbitals this approximation 
may not be good, since, in fact, these electrons are 
rather strictly bound to each atom, for which states 
the HLSP approximation may be far better. In the 
latter case, all /-states of these orbitals are half-filled; 
thus a half of 2s, 29, 2p, orbitals contributes to each 
process (12a) and (12b). 

The matrix elements of the dipole moment are calcu- 
lated using Slater functions, and the results are shown 
in Table IV. In this table (2,|u|s) are calculated 
neglecting the effect of neighboring atoms, and in the 
case of (2p,|4|2pe) the one-center integral being zero, 
the effect of neighboring atoms is estimated using the 
following approximation, 


| yo(2p2)ugi(2pe)dr 
= (const)e*-4/2 f (a-+-x)22¢8-5r/2qy 


where @ is the internuclear distance between neighboring 
carbon atoms. Other matrix elements are neglected 
because of their smallness. 

We see in Table III and Table IV that the contribu- 
tion from the 2» state is the highest. For this case, the 
energy of the intermediate state is estimated from 
the energy difference of (2s)(2p:)(2py)(2p.) and 
(2s)(2p.)°(2p,) state in carbon atom, which is about 
40,000 cm. This estimate may be considerably in 


The wave function of the *E,~ state is 


| dopohih1h_1b_2| | bobob_1h,16162| , 


where |---| means a Slater determinant, and the spin 
is assumed to be that suitable for each state. That of 


1|doo{¢141(d_1_1—$_w_1) 
+¢_16-1(611—G1)} | 
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TABLE V. Vibrations through which intermediate states 
can undergo transition to the ground state. 








Inter- Vibration of Vibration of ground 
mediate intermediate state 





Triplet state state state z x,y 
3Bou, a 5Biy ae Aig, 2e,* 2e,* beg 
oe IF 1g, 2e,* see ig, 2e,* 
*Bou 1Biy Qig beg 2e,* 
5Biu Bow dig ack 2e,* 
3E Lv 19 - ee 
ae As, Q19 Aig 








for the case of (12a). In formula (25) the upper bar 
means opposite spin to those states without the bar. 
The matrix element of H,.1 between them is } times the 
value cited in Table III. Thus we finally obtain the 
following value for the lifetime of *Z,-, 


7=0.14 sec. * (26) 


This value gives the order of magnitude only, since our 
estimate is rather rough. 


7. EFFECT OF VIBRATION 


Since the initial triplet state has a large lifetime, we 
may safely assume that vibrational motion in that 
state has already stopped before it undergoes transition 
to the intermediate state. 

In the transition from initial to intermediate state 
through the relativistic effect, vibration has no effect 
in our approximation, since we have neglected the 
effect of neighboring atoms in that process. 

In Table V, those vibrations through which inter- 
mediate states can undergo transition to the ground 
state are shown, where 2, x, y are the respective direc- 
tions of the dipole moment. 

Usually, the intensity of a forbidden line which cor- 
responds to the transition through vibrational per- 
turbation is about one-hundredth that of an allowed 
line. Thus our theory predicts about ten seconds for the 
lifetime of *B2, or *Bi, state, which agrees with 
McClure’s experimental result® of seven seconds. 

The authors wish to thank Professor Kotani and the 
members of his laboratory for their valuable suggestions 
and discussions. They also thank Miss M. Aoyagi for 
checking some troublesome calculations. 

Note: Recently McClure has quite independently performed a 
calculation on the same subject as ours (D. S. McClure, private 


communication). Since there seem to be some differences between 
his and our results, we_decided to publish our work. 
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An Expansion Theorem of the Density Matrix 
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A general theorem is proved on the density matrix of quantum statistics. Let the density matrix be 


M 


ol) empl —8 % Hi), 
ox ' 


where the operators H;’s are not always commutable. p{M} can be expanded in series of the form 


= n * oe D —_ —_¢ecc a= 
elm} nes mi, wae” tml ---terodar”” faa} + “Pee a mn}, 
1 
where {mm}, ---{mn»}m are subsets of operators chosen from the set {M} and operators belonging to 
different subsets are commutable. The summation is over all the possible choices of the sets {mi}, «++ {mn}. 


pik} is defined by 


p{k} =LIT {x} exp(—6H;) J, 
where suffix s means the symmetrization by changing the order of the products. And p*{m} is defined by 
° p*{m} =(Z{e}n)(—)"*olk}p{m—k}, 
which is proved to be O(8"*!). Some possible applications are briefly discussed. 





I, INTRODUCTION 


E can easily obtain the partition function or the 
sum over states of any system if it is separable 
into small independent subsystems. Strictly speaking 
such a separation always remains only an approxima- 
tion, but there are many cases in which it is satis- 
factory enough. The most serious problems of the 
statistical mechanics today are not however, such 
simple cases; they are always concerned with non- 
separable systems, in other words, with the cooperative 
systems. These are essentially many-body problems 
and so they bear the difficulties inherent to such prob- 
lems. Thus it may be prohibitively difficult to find the 
exact eigen-energies of the system. Moreover, these 
problems are also accompanied by another difficulty, 
that is, to transform the sums or integrals over states 
into some tractable expressions, even if the first stage 
of the problem may be supposed solved. Some progress 
has been made in the field, the best examples being the 
classical gas theories and the Ising model of ferro- 
magnets. The former was treated in a very elegant way 
by J. E. Mayer and the latter by Onsager and others 
for the case of two-dimensions. But these are rather 
exceptional cases and we know little about the rigorous 
solutions of cooperative systems, though remarkable 
progress has been achieved by many workers. 

It is very desirable to attack the problem directly 
from the quantum-statistical point of view, especially 
because of the importance of applications to low tem- 
perature physics. Along this line we must first mention 
the classical work of Wigner! who presented an expan- 
sion of the density matrix into the powers of h. This is an 
approximation from the classical-mechanical side, and 


* Now at the Institute for the Study of Metals, University of 
Chicago, Chicago, Illinois. 
1E. P. Wigner, Phys. Rev. 40, 749 (1932). 
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has been improved and developed by Mayer and Band; 
Green,’ and Goldberger and Adams.‘ Another typical 
case of the cooperative system, which requires quantun- 
statistical treatment is the ferromagnet. Approximative 
theories were given by Heisenberg, Bloch, and others. 
It seems, however, that there is still much to be desired 
for the improvement of the approximation. 

In this article we shall present an expansion theorem 
for the density matrix from a standpoint somewhat 
different from these workers. It is quite formal and 
consequently it is general. It may be regarded as a 
reduction of a many-body system into smaller systems 
avoiding the task of obtaining rigorous solutions of 
many-body problems. 


II. THE EXPANSION FORMULA TO BE PROVED 
Let the Hamiltonian of the system be of the form 


H{M}=> Hy (21) 
=1 


where the operators H;’s are not always commutable. 
The main problem of the statistical mechanics 1s t0 
calculate the trace of the density matrix, 


p{M} =exp[—BH{M}]=exp[—8 > Hi}, (22) 


which is of course nothing but a summation of a 
infinite series if the eigenvalues of H{M} are known 
completely. But at this point we have to face the 
difficult problem of quantum-mechanical many-body 
systems. The expansion formula to be proved in the 


2 J. E. Mayer and W. Band, J. Chem. Phys. 15, 191 (1947). 

3H. S. Green, J. Chem. Phys. 19, 955 (1951). : in J 

4M. L. Goldberger and E. N. Adams (to be published in J: 
Chem. Phys.). 
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following can be regarded as an attempt to avoid this 
difficulty and to reduce the problem to the more tract- 
able one of systems with fewer degrees of freedoms. 

If the operators H;’s are commutable, then we can 
write (2.2) as 

p{M} =e 4 1¢-6H2. . . eB, (2.3) 

which is not, however, true in general. But we can show 
an expansion in which the first term is of such a form 
of (2.3), and the successive terms give the corrections 
required by the noncommutability of the operators H/’s. 

For convenience sake we introduce the following 
notations and the definitions. 


Definition 1 


Let the set of operators H;---, Hy be {M}. By {m} 
we mean a subset of operators Hi,---Hi» chosen from 
the set {M}. Similarly {k},, is a set of k operators from 
the set {mm}, and {m—k} n= {m} u—{R} m- 


Definition 2 
The density matrix of the subset {k} 1 is defined by 
p{k} =exp{—B(Hnt+ ---+Hu)}. (2.4) 
Particularly 
p(/) = exp(— 6H?) 
p{0}=1 
for the null set {k} =0. 


(2.5) 
and 
(2.6) 


Definition 3 


The summation over all the choices of the subset 
(km from the set {m} for a fixed number & is shown by 
the symbol (3° {«}m). If we take further sum over all 
the possible values of k=0, 1---m, then it is shown by 


(E Liem). 


Definition 4 


For any set {k} we define an operator 


1 
Atk} — x PUT e@J=O1ti0Q]., (2.7) 


Where []{:}p(2) means a product of all the operators 
o(!), le{k} in a certain order, and >> pP means the sum- 
mation over all the possible interchange of the order so 
that [Js is a symmetrization by taking an average 
Hes all the orders of the products. From (2.6) we have 
0 put 

p{O}=1. (2.8) 


Definition 5 


For any set {m}s¢ we define an operator 


em) =(X Ein) (—)*o fh atm—B}. (2.9) 


It can be seen at once from (2.9), (2.6), and (2.8) that 
p*() =0, (2.10) 
p*{0}=1. (2.11) 


Definition 6 


If the set {m} is composed of two subsets {m,} and 
{m2} and if any two operators from different sets are 
commutable, then the sets {mm} and {m2} are com- 
mutable, and {m} is separable into the subsets {m} 
and {mz}. For brevity this will be shown as 


{am} = {mi}++ {ms}. 


If any separation of {m} is impossible, then {m} is 
called unseparable. If the set {m} is separable into 
{m}---{m,} where any two operators from different 
subsets are commutable, we can write this as 


{m= {m:}. 


By the definitions introduced above, the theorems to 
be proved here are: 


Theorem 1 


Let the subsets {m}---{mn}a be commutable 
where 0=m + ---+m,=M, and m;~1, n=0. Then 
PLM} = (Qi ed mezod tomdar---tmndar) 

‘XK p*{mi}---p* {mn} p{M—m—---—m,}, (2.12) 


where the summation is to be taken over all possible 
choice of {mm} - ++ {mn} a. 


Theorem 2 


p*{m} defined by (2.9) has the following properties: 

(1) If at least one of the operators in the set {m} is 
commutable with all other operators in the set {m}, 
then p*{m}=0. 

(2) If {m} is separable, {m} = {m}+ {me}; then 


p*{m} = p*{ my} p* {mz} = p*{ me} p* {my}. 


Similarly if 


{mj => {m4}, 


o*{m}=TI ots, 


where the order of the products need not be specified. 
(3) p*{m} =O(B"**). (2.13) 


By theorem 2 the expansion formula (2.12) can 
be interpreted as follows: 1. The first term is p{M} 
=(T] trip(2)].. 2. Then choose any two noncommuting 
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operators, Hi, Hiz from {M}. The second term is 


LX e*(h, le) p{M—hL—-]}, 


11, le 


the summation being taken over all possible such 
choices. 3. In general choose a subset {m}y from {M} 
and separate it into {m}={m}+---+{m,}. Then 
form 


(II o*{m;})6{M— dom}, 
which is one of the terms of O(6"*). 


Thus our expansion formula may be written as 


e{M}=p{M}+ Dd p*(h, I2)p{M—h—l,} 


1, le 


+ DY pr(h, le, ls)p{M—1,—1.—ls} 


11, le, ls 
+X e* (hi, 12) p* (Is, 1a) p{ M—h—-h—ls—14} 
+2 e*(h, 12, 13, 1s) p{M—]h—1,—13—ly} +:+-, (2.14) 


where in the fourth term (/;, /2) and (J3, 14) must be 
commutable. The explicit forms of p*’s are as follows: 


p* (li, le) = p(h, 12) — pth, /2) 
= p(li, 12) —4{ p(s) p(l2)+ p(le) p(h)} 
=exp[ — B(H+ Hw) |—}Lexp(— 6H u)exp(— BH) 
+exp(—6Hi2)exp(—BHn)] (2.15) 
p* (hi, le, ls)= pls, le, 1s) — p(li, le) p(/s) 
— p(Ials) p(11) — p(Lsl1) p(l2) + 2p (ilals). 


For illustration assume the Hamiltonian to be 


N 
H=), Hix, 
i>k 


(2.16) 


where the operators with no common indices are com- 
mutable, i.e., 


Ay Ajp=ApH ix, (iFj, Ll; k¥], l). 


If Hi is conceived of as a bond between the particles 
i and k, we can visualize the set {m} by a bond figure 
among the particles. In this, a graph of separate clusters 
of bonded particles is a separation of the set {m} so 
that each separated cluster corresponds to one of the 
subset {m,}’s. For the problems of lattice statistics 
we may interpret the suffices in (2.16) as the location 
of the lattice points. Then the bond figures can be il- 
lustrated on the lattice. In this way we can easily con- 
struct each term of our expansion (2.14). 

Naturally, the application of our theorem is not con- 
fined to the system with Hamiltonian (2.16). But it 
may be somewhat ambiguous how to decompose the 
total Hamiltonian into the form of (2.1). We must 
choose the way which yields the rapidest convergence. 


RYOGO KUBO 


Ill. PROOF OF THE THEOREMS 


1. We begin from the proof of theorem 2, (2). If 
{m} = {k}+{n} then Eq. (2.9) can be written as 





p*{m} =( f Li teletyln)(—) Pte” 
X p{xt+v} p{k—«+n—y}, 





where {x} and {v} are commutable so that evidently 
we have 





p{x+v} =p{x} {rv} =p{r} p{x}. 


As {k—x} and {n—v} are naturally commutable, we 
have 





p{k—Kx+n—v} =p{k—x}p{n—v} =p{k—x}p{n—p} 


because it can be seen from definition 4, (Eq. (2.7)) that 
if {R}={R}+{R"}, 


= k poe 1 k P’ of Pp” ‘a 
alt=—(_) & POTw io) P Two" 







1 1 
=— > PUT 104) J-— 2b PUT e100") 
k’\ P Rk’! pv’ 





= pth} atk} =p} atk}. (3.1) 


Hence 


Pin} = (= E teu)(—) tlc} af e— x} 








(Z Lters)(— oly} aln— 


= p*{k} p*{n} = p*{n} p*{h}. 






It is quite easy to extend the result to the case in which 






{m}=¥ {ms}. 






2. With use of theorem 2, (2) above proved, the 
expansion (2.12) can also be written as 











p{M) = (SE tmia)o*{m) at —m| (3.2) 








which is a simpler form with which to work. Equation 
(2.12) is nothing but the factorization of (3.2). It can 
be easily seen that Eq. (3.2) is correct. Put Eqs. (2.7) 
and (2.9) into the right-hand side of (3.2)’ and it becomes 


right-hand side of (3.2) 









=(E LtmaN(E Cterm)(—) ol 
x p{m—k} p{M—m} 





- (o Lew E dD tx} mx) (—) "of R} 
Xp{xja{M—k—«}, (3) 

















becau: 
the in 
{M-i 
possib. 
rewrite 


(3.3) 


that is 


becaus 

We | 
which 1 
section 
followit 
This m; 
ciple in 
another 


1. W 





| p*{k}. 
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EXPANSION THEOREM OF THE DENSITY MATRIX 


where p{x}p{M—k—x} is composed from the products 
of p(/)’s for lef M—k}. If we choose all possible subsets 
{x} from the fixed set {M—k}, we have 


(Die) ae) Af x} p{ M—k—x} 


1 
= tela) x PUT t«10(9)] 


* (i _k-»! x PUI tu -«-«ip())] 





x !(M—k—x)! * ss PUT t0(9)] 


XP’ -*% -«ip(2)] 


DP" -21e] 


~ e(M—k—«) 1 
a ("Yaar 


K 


= (> tx} a—x) 





because the sum over all the choices of {x}, after 
the interchange of order in each of the sets {x} and 
{M—k—«x} is equivalent to taking the sum over all 
possible interchanges in the set {M—k}. Hence we can 
rewrite (3.3) as follows 


k 
Jota ata —_} 


M M-k M-— 
83) =(E Ema) E (-( 


«=0 K 


=(E Ceera)(1—1) 4p A) al MH) = oat}, 


Thus our expansion formula is proved. 

3, Theorem 2, (1) is a direct result of (2). Let 
\m\=(H, ---H») and H,,H:=HiH» (l=1, ---m—1), 
that is {m} = {m—1}+(m). Then we have 


p*{m} = p*{m—1} p*(m)=0 


because of definition 9. 

We have proved our theorems except theorem 2 (3), 
which requires more detailed investigation. In the next 
section we shall give another proof of all our theorems 
following the way we have used to derive the expansion. 
This may be more instructive because it shows the prin- 
ciple involved in it and also we may be able to get 
another expansion if it is wanted. 


IV. ANOTHER PROOF 


1. We introduce here another definition. 


Definition 7 
Gm} =(Z Dtern)(—)-tol 


G{0} =1 (for the null set). 


Some simple examples are: 
G(1)=¢e-F#1—1 
G(1, 2) = ¢~A(Ar+H2) — ¢—8Hi— e~bHat 4 
G(1, 2, 3) = eA rt Hat Hs) — BH ats) — ¢ Bat Hy) 
onan e~B(Art+ Ha) 4 e614 e~FH24 e-bHs—1, ° (4.2) 


Then we have the following theorems. 


Theorem 3 


pM) =(X Cima)Glm), (4.3) 


The proof is quite simple. By (4.1) the right hand of 
(4.3) becomes 


=(E Lema Deern)(—)tol 
=(E Cow) Cterwea)(—)oe 


=r Cum) E ("Dota 


E > tk}m)(1—1)*—*p{k} = p{M}. 


Theorem 4 


{m}=> {mi}, 


G{m} =I] G{m}. 


If {m’} and {m’’} are commutable, then G{m’} and 
G{m’’} are also commutable. 

The latter half of this theorem is evident by the 
definition (4.1). The former can be proved as follows. 
If {m}={k}+{n}, we have 


G{m}=( ES CteuX vra)(—)"—pf a} 


k+n=0 


(= E teaN(H Dter)(—)tol ("alo 


=G{k}G{n}=G{n}G{k}. 


The expansion (4.3) was constructured as follows. By 
definition 
= (—p)" a 
AiMj=> (X Hi)" 
n=0 n! i=l 
rr) (—B)" min[n, M] 


=1+> p> 


n=1 nN ! m=1 


(> tmja){ Hye: ++ Hin} a; 
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where {H1,---Him}, means the sum of all the monomes 
of order » which involve each of the operators Hi: --Htp 
at least to the first power. Changing the order of sum- 
mations in (4.4) we take the sum over {m} at the last 
stage, and then we arrive at the form of (4.3). Hence 
we see that 








G{m}= > tad 
n=m nn! 
= — > P(Hu:++Him)+0(B"*1), (4.5) 
mM: P 


where P means the interchange of the order of the 
product Hi:--Hin. Naturally (4.5) can also be shown 
from its definition (4.1). Theorem 4 shows that 


p{M} _ (Led mo, or ee on ° Amadas) II G{m;}, 
- i=1 

(4.6) 
where >-{m,} is a possible separation of {m}, in other 
words, the decomposition to the clusters as was ex- 
plained at the end of Sec. II. But this expansion is not 
useful unless the convergence of trace G{m,} is assured. 
We, therefore, cannot apply it to the gases. 


2. In the following it will be shown that (4.3) can be 
transformed into the desired expansion (2.12). Let 


G(h, ly) =G(1,)G(12)+G" (h, 12) 
or more generally 


G{m} =G(h, le: - +Im) 
=G(h)+++Glim)+G" (hy, +++lm), (4.7) 


where the order of the product G(l,), ---G(/m) must be 
given following some definite rule. For this purpose we 
choose an ordering of the operators {M}, for instance, 
H,, H2---Hy, and the order of the product in (4.7) 
should follow from the left to this ordering. Substituting 
(4.7) into Eq. (4.3) we obtain 


p{M}= I+ GO+X G(k, l)+ x G(j, k, +: 


=TI1+GO\ +E 6k, D+ X GG, by D+. 


ivkyl 
Then introducing further G’’”’s by 
G" (hy Is, 13) =G@" (hilz)G (Is) +G" (Lels)G(h) 
+4" (Lil2)G(l2) +E" (Labels) 
G' (lies + lm)=X Gli, 4) TT GU) +G' (hie + +m), 


i<j kx¥i,7 
we have 


p{M}=]T(1+G@))+2Le"(, I) Il (1+G(j)) 


+6", le, I3)+ ia 
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Repeating this process, we factorize the products such 
as II(1+G(/)), and arrive at the general formula 


e(M}=[To)+ 2X G"h, 2) IT eo 


l1,le2 lx lilo 


VG hhls) IL p+-:: 


11, 12,13 1411, 12,13 


= (2 Lima )G™{m}T]t—mip(l), (4.8) 
where 


Go (m} =G{m} —(E Eterm (F}[Ttm 1160, (49) 


in particular we have 

GO{O}=1 (4.10) 

for the null set, and 
G'()=0. (4.11) 


In the expansion (4.8) the ordering of the operators 
must follow that prescribed. This ordering is rather 
undesirable because it is generally quite artificial except 
for such cases as the one-dimensional problems; we 
have to rewrite (4.8) so as to eliminate this trouble. 
p{M} is in itself independent of such an ordering. 

The orderings of H,---H¥y are possible in M! ways. 
For each of these orderings we can write down an ex- 
pression of the form (4.8). Adding all of these expres- 
sions and dividing by M! we obtain 


M 1 
p{M} =(2 Lima) d PLG™ {m} TT tat —mip()), 


where P means permutations of H,---Hy. If the set 
{m} is fixed, the operator on the right-hand side is kept 


constant for (M) permutations which leave each of the 


orderings in {m} and {M—m} unchanged. So we have 


M 1 s,M 
p{M}= (de Eimiw)—( ) 
XX, PIG {m} x P''T (ar -mip(l) 
Introducing the definitions 
1 
=— > P'G™{m}, (4.12) 


m!\ P’ 


G™ {m} 


1 
p M— os i pag Ps Pp” M—m l ; (4.13) 
p{M—m} im) | x T1111 -m}p(/) 


we can rewrite Eq. (4.8) in the form 
M 
pi M}=(S Yitryw)\G™ {m} p{M—m}. (4.14) 
m=0 


The definition (4.13) is the same as (2.7). 
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3. Next we must show that G™{m} is equal to 
o*{m}. But it is more convenient to investigate the 
structure of G° {m} beforehand. Define a symmetrized 
operator by 


—~> PI tm -0iG() 


Gim—k} = 
—k)! P 


= CT] tm —kG(I) ]s, 


then the definition (4.9) can be transformed into 


(4.15) 


G™ {m} = (4.16) 


Glm| (EC erm)G (Rtn, 


which can be easily proved by essentially the same 
method used to establish (4.14). More symmetrically, 
(4.16) can be written as 


m 


Gim}=( DL thim)G {k}G{m—k}. (4.17) 





m—1 


G™ {m} =G{m—1}G(m)— (2 > {km 
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In the following we show first that G™{m} defined 
by (4.12) has the properties stated in theorem 2, that is 
(1) if {m}={m—1}+(m), 
then - 

G™ {m} =0 
(2) if {m}={k}+ {n}, 
then _ P " _ 
G™ {m} =G {RIE {n} =EG™ {n}G {Rk} 
(3) GO {m} =0(8"*"). 

3a. Let {m} =(H,, ---H») and let H,, be commutable 

with each of H,---H»_1. In particular 
G’ (1, 2)=G(1, 2)—G(1)G(2) 


is equal to zero if Hz is commutable with H;. By mathe- 
matical induction, assume that G“ {k} =0 if one of the 
operators, say H;, is commutable with all other opera- 
tors in the set {k} for k=2,---m—1, then using 
theorem 4, Eq. (4.9) will be transformed as 


\G*{ RTT pn -eG(2) 


=G{m—1}G(m)— (F > th} m—)G™ { RE CT] tm -1 -%G(D) ]-G(m) 


m—1 


=[G{m—1} ~“(Z > (k}m—1)G™ { RYT] tm -1 -%)G (1) ]-G(m) 


=(), 


because Eq. (4.9) is nothing but 


G{m} =(E Cem {A} m—11G@). (4.18) 


Evidently this proof is also valid for symmetrized 
operator G™ {m}. 





m—1 





3b. Let {m}={k}+ {n}; then we have 
G{m}=G{k}G{n}. 
Assuming that 
Gt” {tv} =G {KG {y} 
for any commutable sets {x};, and {v},(«+vSm—1 
=k-+n—1), then Eq. (4.9) can be again transformed as 


G™ {m}=G{RIG{n}—-( XS Leber n)GOr” {e+ vf TT] tm -« -iG(D) 


«+v=0 


m—1 


=G{R}G{n}—( LV Literate nG® {x}G {vy} TT tm -«-riG() 


«+v=0 


=G{kG{nj—( Dk WM DL trinG™ {K}G™ Cv} TT & - GU) -G(2) 


x=0 
+G{RIG™ fn} 
=G {RG {n}, 


where we have used the relation (4.18). This factorization can be easily seen for m=2 and 4, so that it must 
generally hold. And this is true also for symmetrized operators G™ {m}. 













3c. Equation (4.16) is a recurrence formula defining 
the operators G“™ {m}. Solving successively, we arrive at 







=(E Lira) 





=(E Lum -H( 





Ge {m} = (Z Tteim)(— AGA} G m— hy. (4.19) 


It is easier, however, to prove that (4.19) satisfies (4.16) 
directly. Putting (4.19) into the right-hand side of 
(4.17) we find 


(FTC term)(H Haru )(— MG G[A-Hm—A} 
E Cteim)(—)G{}G{e}G{m—L—«} 
Jatnetm—1 


= (ZL Lttia)(—1)""G|NG{m—T} = Gm}. 
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In this transformation from the second line to the third 
we have used the identity 


tate DOL Gtm—I—n}=(" etm, 


It is evident from the way of its construction that 
G™{m} is O(8"), or it can also be seen from (4.9), 
But the symmetrization has raised the order of 
G™ {m} to B™+!, This is proved as follows: From (4.15) 
and (4.5) we have 





x PUTT 1H; ]+-0(6"*") 





> PU] -1)H1J+0(6""*'), 


Hence Eq. (4.19) tells us 









Go { m} =(X Lteie)(—) 








_ am (=)hm 


~ fo (m—k) tk! 





G™ {m} = ( Dteim)(— eH 







=(X Lietn)( 






= (5 Liein)( 








(~<a (-8"-" 


PUT 14; JP" 1 tm -*)H1J+0(8""") 





k! (m—k)! 






— & PUL im] +0(6"*") 





= (1—1)"6"([] mH]. +O(8"*") = O(6"*"), 


3d. The last step is to prove the equality of G&™ {m} to p*{m}. From the definition (4.15) we have 
m—k 

G{ m— k} = [TT] tm —41(02)— 1) ]o= (—)” LIT tm #11 0D) Je = (—( DL im—*)(—) BLA}. 
=0 


Putting this and (4.1) into (4.19), it can be shown as follows: 


x=0 


=(E Le N(F CtewNE Corin) ol a a0 


m—Kk 


yy pee 


E Lirima)(— A= 1) rol} aE 


=(E Lieim)(—)™—*pf x} af m—x} = p*{m}. 






This completes all the proofs of our theorems. 
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V. APPLICATION 





We have applied our expansion theorems to the 
Heisenberg model of the ferromagnets, where the 
Hamiltonian is given by 


=—-2 DY (6,0;)—Azmod o1e=HotK’. 
<ij> . 


























(5.1) 














The notations used here have the usual meanings. 
Since 3Cp and 3C’ commute each other, we can put 











DH —pD’ ,— BD 
e = B%’ BYo. 





where 








2J 
e690 == exp] —_ . & 


kT neighbors 


(ow) | 








The first term of the expansion (2.14) becomes 








27 
| I exp (ose) | | 
<ij> kT . 





For illustration we assume the spin to be 3. Then we 
can use the eigen-expansion of the operator. 


exp[(2J/kT)(o:0;) |= A {1+<x(oi0,)}, 






where 





Az=e-4!*T[ cosh(J/kT)+4 sinh(J/kT) |, 


F i J 
x=4 tanh— / (2+tanh—)), 
kT kT 


» that the first term of the partition function for 
H,=0 is given by 


A@IDN trace JT] {1+2(0,0;)}]., 


<i> 







(5.2) 







which should be compared with the partition function 
inthe Ising model, 


3 en| — > ss 


intl kT <ii> 






=x Ho 


si=tl <ij> 


J J 
| cosh—-+s;s; sinh —| 
kT kT 





J \ GDN J 
= («oss —) > II (1t+sss; tanh—). (5.3) 
kT simtl <ij> kT 





Thus first term of our expansion is closely connected 
mith the semiclassical Ising model. But it must be 
toticed that the expression (5.2) must be calculated 
antum-mechanically. The higher terms of expansion 
“€ corrections due to the noncommutability of, for 
"ample, (o102) and (o103). The merit of our expansion 
in the fact that it includes the short-range order in 
€ crudest approximation which is obtained by re- 
Hating (5.2) simply by the first term A“/2%, In this 
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way we can expand the partition function in powers of 
x instead of the expansion after J//kT, which was orig- 
inally used by Heisenberg® and afterward extended by 
Opechowski.® Our expansion has proved fairly satis- 
factory because it could give the Curie temperatures in 
a systematical way as we proceed into higher approxi- 
mations, and they are very close to the results of Weiss’ 
based on a quantum-mechanical modification of Bethe’s 
method. Thus our method could avoid the difficulty of 
slow convergence in the Heisenberg-Opechowski method. 
The details of this calculation will be published in 
another article. 

Another possible application of the expansion is for 
the calculation of resonance absorptions. If the system 
with Hamiltonian 3C can be assumed to distribute 
canonically with temperature T=1/k6 and if there is 
some external perturbation 3C’ with frequency v operat- 
ing, then the average transition probability will be 
given by 


ico 
o=— 
T ¥—io 


— p(B+5)5'p(—$)K']}e**dg/trace p(B), 


where 


{trace [p(B—£)3C’ p(s) IC’ (5.4) 


p(B) =e-4/® 


is the density matrix. In Eq. (5.4) the integrand in the 
bracket is the moment-generating function of the 
absorption intensity distribution, so that this equation 
is a generalization of the “trace method” devised by 
Van Vleck.* Probably the property of 3C’ determines 
whether in (5.4) can be approximated usefully by our 
expansion. Moreover, it will be important to examine 
the form of 3 in order to obtain any significant results 
as emphasized by Van Vleck in his theory of the di- 
polar broadening. 

For the case of gaseous system the decomposition of 
the total Hamiltonian into the form (2.1) is somewhat 
arbitrary. One may choose 


H=K+) ui, K=L(1/2m)p? 


and regard K, m2, u13:-+ as the individual operators. 
Then the first term of our expansion will be 


trace (€PRe-#0)— f (rer | r)e-P0 dr 


(U=)>¢u,,), and the higher terms give the corrections 
the result of the noncommutability of the momentums 
and coordinates, so that they can be again expanded in 
powers of hk. This method must be closely connected 
with those developed by Wigner, Mayer, and others. 
This point will be discussed at some other time. 


5 W. Heisenberg, Z. Physik 49, 619 (1928). 

6 W. Opechowski, Physica 4, 181 (1937). 

7P. R. Weiss, Phys. Rev. 74, 1493 (1948). 

8 J. H. Van Vleck, Phys. Rev. 74, 1168 (1948). 





THE JOURNAL OF CHEMICAL PHYSICS 


tion of electron densities and o-values. 


Theoretical Considerations Concerning Hammett’s Equation. II. Calculation of 
o-Values for Toluene and Naphthalene* 


H. H. Jarré 
Venereal Disease Experimental Laboratory, U. S. Public Health Service, School of Public Health, 
University of North Carolina, Chapel Hill, North Carolina 


(Received December 7, 1951) 


The electron distributions in toluene and naphthalene are calculated by the LCAO MO method. The 
Coulomb integrals of the methyl carbon atom in toluene and the central atoms in naphthalene are assigned 
small increments which are justified by qualitative reasoning. These increments are treated as empirical 
parameters and adjusted to give the best correlation between electron densities and Hammett’s o-values. 
The parameters so derived are shown to obey the expected qualitative relations and lead to a good correla- 
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N a recent paper from this laboratory it has been 
shown that Hammett’s substituent constants (c)f 
can be correlated with electron densities (g) calculated 
by molecular orbital (MO) theory. The correlation was 
made on the basis of the hypothesis that the increments 
in the electron density at the metfa- and para-carbon 
atoms of the benzene ring produced by a substituent 
are proportional to the corresponding o-values. Un- 
fortunately, the parameters (Coulomb and resonance 
integrals) necessary for the calculation of the charge 
distribution in the compounds treated in I were not 
known and could not be determined theoretically. 
Therefore, it was possible only to show that the o- 
values permitted assignment of a self-consistent and 
reasonable set of parameters to the substituents treated. 
This work has now been extended to toluene and 
naphthalene in which compounds the choice of pa- 
rameters is less difficult. Naphthalene requires only 
one empirical parameter. In toluene three of the four 
required parameters do not appreciably affect the re- 
sults of the calculations. Moreover, it can be shown that 
a relationship should exist between the fourth pa- 
rameter in toluene and the single parameter in 


naphthalene. 
TOLUENE 


Following Mulliken, Rieke, and Brown! toluene was 
treated using the following model. 


Four parameters are required for calculations with 


* For paper I of this series see H. H. Jaffé, J. Chem. Phys. 20, 
279 (1952). Herafter referred to as I. 

+L. P. Hammett, Physical Organic Chemistry (McGraw-Hill 
Book Company, Inc., New York, 1940), Chapter VII. 

1 Mulliken, Rieke, and Brown, J. Am. Chem. Soc. 63, 41 (1941). 
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this model, namely the resonance integrals +; and 1 
and the Coulomb integrals ay and ap. In previous M0 
treatments of toluene all Coulomb integrals have been 
assumed equal.! This assumption, according to the 
Coulson-Rushbrooke theorem,’ leads to unit electron 
densities for all ring carbon atoms and hence to no 
correlation with o-values: However, the Coulomb in- 
tegral of the methyl carbon atom may be expected to 
have a small negative value,f since this atom is in an 
sp® state of hybridization, and therefore is less electro- 
negative than the ring carbon atoms which are in an 
sp’ state of hybridization.’ The electronegativity of the 
methyl carbon atom is further reduced by an inductive 
effect exerted by the three hydrogen atoms of the 
methyl group. The Coulomb integral of the H; group 
can also be expected to be negative since hydrogen is 
less electronegative than carbon. 

In accordance with these arguments calculations 
were carried out by the standard LCAO MO approxi- 
mation with several values of the parameters ay and 
a between 0 and —1. The necessary resonance in- 
tegrals (yi=4.76 and y2=0.56) were derived from 
Mulliken’s treatment of hyperconjugation.} 

With the compounds treated in I no correlation is 
obtained between calculated electron densities and 
o-values if the inductive effect is treated in the manner 
of Wheland and Pauling. Rough calculations with 
toluene showed no correlation between o-values and 
electron densities calculated using this inductive effect. 
However, it was shown in paper I that the introduction 
of an inductive effect of much larger magnitude is 
justified. Accordingly, the Coulomb integrals of the 
ring carbon atoms were assigned increments a,=€", 



































2C. A. Coulson and G. S$. Rushbrooke, Proc. Cambridge Phil 
Soc. 36, 193 (1940). 

t The Coulomb integrals of the ring carbon atoms are set equal 
to zero in accordance with general usage in LCAO MO calcula- 
tions, and thus define the zero of the energy scale. The resonance 
integral 8 of a ring carbon-carbon bond is the unit of energy, 4 
all Coulomb integrals are expressed in this unit. 

3W. Moffit, Proc. Roy. Soc. (London) A202, 548 (1950). The 
term electronegativity is used in this paper in the same sense 
as defined by Moffit. 

‘ .. W. Wheland and L. Pauling, J. Am. Chem. Soc. 57, 2086 
1935). 
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HAMMETT’S EQUATION 


where ” is the number of bonds intervening between 
atoms O and n, and e was given a value of 4.§ The in- 
ductive effect of the H; group is included in the value 
assigned the Coulomb integral of the methyl carbon 
atom, and therefore was not treated separately. 

The results of these calculations are reported in 
Table I(a), where it is seen that the electron distribu- 
tion is virtually independent of ay. For small negative 
values of ao the calculated value of the ratio of the 
electron density increments £=(q,—1)/(qdm—1) is close 
to the experimental value of o,/om=2.46. By the use 
of the proportionality constant relating o values and 
eectron density changes (x= — 15.5) a value ag= —0.29 
was assigned to give best agreement with experimental 
results. The effect of changes of resonance integrals 
was determined by calculations with several sets of 
values for y; and 2. It is seen from the results of these 
calculations, given in Table I(b), that the electron 
distribution is virtually independent of y: and yp, 
provided 1/y2>>1. Thus only one of the four empirical 
parameters has an appreciable effect on the calculated 
densities, and the value found for this parameter is 
reasonable. 

The calculated electron densities of the various 
carbon atoms, given in Table II, obey the inequality 
q492>93>1. This is in accord with the ortho- and 
para-direction in electrophilic substitution reactions 
observed in toluene and with the activation of all three 
positions relative to unsubstituted benzene in these 
reactions. 


NAPHTHALENE 


In previous MO treatments of naphthalene all 
Coulomb integrals have been assumed equal; this 
assumption, according to the Coulson-Rushbrooke 
theorem,” leads to unit electron densities on all atoms 


TABLE I. Dependence of £ and g,—1 in toluene on 
the various parameters. 








: &-? — gp—1s g 





(a) y1=4.76 y2=0.56 
sii —QH 


0 0.2 0.5 








0 

8 

19 

38 

192 
a=—1 


(b) an=0, 
v1 
0.75 3.0 4.6 
2.9 38 2.9 38 


56 2.9 38 
5 20 28 2.9 38 

















*In units of the electronic charge X1073, 
ee, 


§ The choice e=4 is discussed in detail in paper I. 
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TABLE II. Comparison of calculated and experimental o-values. 








cp om 
Compound ao* calc exp calc exp Qp® = gm go> 





Toluene —0.29 —0.170 —0.170 —0.062 —0.069 1.0 
9 


1 1 1.004 1.005 
Naphthalene 0.12 0.170° 0.170¢ 0. 


11 1 
89° 0.9994 1.024 








*In units of the resonance integral of the carbon-carbon bond in the 
respective compounds (8); the units may be assumed to be essentially the 
same in either compound. 

b In units of the electronic charge. 

° For the 8-position. 

4 For the a-position. 

¢ For the O position. 


and thus to no correlation between electron densities 
and o-values. However, inspection of the structural 
formula of naphthalene shows that the carbon atoms O 
are surrounded by three sf? carbon atoms, while all 


other carbon atoms are surrounded by two sf? carbon 
atoms and a hydrogen atom. We may therefore assume 
the O carbon atoms to be slightly more electronegative 
than the other atoms. Accordingly, the electron dis- 
tribution of naphthalene was calculated by the stand- 
ard LCAO MO approximation for values of 0.1 and 
0.2 for the Coulomb integral (ao) of carbon atoms O. 
The inductive effect was treated in the manner out- 
lined above, and all resonance integrals were taken 
equal. From the results of these calculations and the 
proportionality constant x (see above) a value of ap 
=(.12 was chosen to give best agreement with experi- 
mental results. 

The electronegativity of the O carbon atoms in 
naphthalene is raised by an inductive effect, whereas 
the electronegativity of the methyl carbon atom in 
toluene is lowered by both inductive and hybridization 
effects. Accordingly, it can be anticipated that ap 
(naphthalene) should be smaller in absolute value and 
of opposite sign from ap» (toluene). The Coulomb in- 
tegrals in Table II are in agreement with these 
expectations. 

The calculated electron densities at the various car- 
bon atoms in naphthalene are given in Table II. They 
agree with the experimental observation of Abrahams, 
Roberts, and White’ that the electron densities de- 
crease in the order go>ga>qg.*° Since electrophilic 
substitutions in naphthalene occur in the a-position, 


5 Abrahams, Roberts, and White, Acta Cryst. 2, 238 (1949). 

6 After this paper was submitted O. Klement [Helv. Chim. 
Acta 34, 2230 (1951) ] reported electron distribution calculations 
on naphthalene using the valence bond method. The results of the 
present calculations are in excellent agreement with Klement’s. 
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the above inequality permits us to fit this compound CONCLUSIONS 


into the generalization that “an electrophilic group will The commonly accepted practice in MO treatments 
attack the Position of greatest electron density ;”” this of assigning equal Coulomb integrals to all atoms in 
generalization has led to ambiguous results when ap- toluene and naphthalene does not lead to a correlation 
plied to naphthalene on the basis of earlier calculations.* | ¢ fammett’s o-values with calculated electron densi- 


ties. The Coulomb integrals derived in this paper for 
‘ni E. Lyons, J. Proc. Roy. Australian Chem. Inst., 113, (1950). the methyl carbon atom in toluene and the O carbon 
ucleophilic substitution in naphthalene is also considered , ‘ = 

to occur at the e-position; this fact appears to be in contradiction @toms in naphthalene are in good agreement with ex- 
7 the electron sondition « Table II. However, me evidence in pected values. This may be taken as evidence for the 
this case is not clearcut. Only a single reaction with unsubstituted +48 : : : 
naphthalene has been reported [F. Sachs, Ber. deut. chem. Ges. validity of the assumptions made, and particularly, 
39, 3006 (1906) ]; this occurs in a melt at over 200° and only in for the hypothesis of the proportionality of electron 


the presence of phenols. Bunnett and Zahler [I. F. Bunnett and density increments and o-values. This hypothesis js 
R. E. Zahler, Chem. Rev. 49, 273 (1951) ], summarizing the litera- further substantiated by the excellent a f 
ture, state that these reactions involve a stable intermediate y : greement 0 
which is decomposed only after the reaction is complete, and may calculated and observed o-values in toluene. 

therefore differ sufficiently in mechanism from “gens sep sub- 

stitutions to make comparisons undesirable. The same authors 

(Bunnett and Zahler) also state that the available evidence from ACKNOWLEDGMENTS 

nucleophilic replacements of groups other than hydrogen in The author is indebted to Dr. G. O. Doak and 


naphthalene seems to indicate that the a-position is most acti- pigs 
vated, but they feel that the evidence is not conclusive. Dr. L. D. Freedman for much helpful criticism. 
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Specific Heat of Synthetic High Polymers. I. A Study of Polyethylene Including 
a Statistical Theory of Crystallite Length 


Matcoim Dote, W. P. HETTINGER, Jr.,* N. R. Larson, AND J. A. WETHINGTON, JR.f 
Department of Chemistry, Northwestern University, Evanston, Illinois 


(Received January 8, 1952) 


Data are given for the specific heat of granular, sheet, annealed, and drawn samples of polyethylene from 
—20° to 200°C. From the data, changes in enthalpy and entropy between these temperatures have been 
calculated and an estimate made of the free energy of the cold drawing process. The percentage of crystal- 
linity calculated from the enthalpy value is given as a function of temperature and compared with similar 
estimates from x-ray and density measurements. The applicability of Flory’s important theory of crystal- 
lization in high polymers to the polyethylene data is studied. A new statistical treatment of crystallite 
length distribution similar to, but more mathematically exact than Flory’s, is also presented. Curves based 
partly on theory and partly on experiment are given for the weight distribution of crystallites as a function 


of chain length for annealed and drawn polythene. 





INTRODUCTION 


N beginning our study of the specific heat of high 

polymers, we have chosen polyethylene as the first 
material for study because of the simplicity of its 
chemical composition. The specific heat of polyethylene 
(henceforth abbreviated to polythene) has been pre- 
viously measured by Raine, Richards, and Ryder' 
with an estimated error of about 5 percent. Our results 
confirm in general the data of these authors, but differ 
from theirs in certain specific details.2 We have also 
investigated drawn polythene filaments, not included 
in the work of Raine, Richards, and Ryder. In addition 
we have developed a statistical theory of crystallite 
length, which differs in its mathematical approach from 
that of Flory,’ and applied this theory along with the 
most significant part of Flory’s theory to the inter- 
pretation of the specific heat data. 


EXPERIMENTAL 
1. Materials 


Polyethylene, which we shall henceforth call poly- 
thene, in the form of granules, sheets, and monofila- 
ments has been studied as well as annealed polythene. 
From Dr. C. J. B. Thor of the Visking Corporation we 
obtained granular and sheet polythene labeled PM-1, 
Lot 6071, original polymer from the DuPont Com- 
pany; from Dr. W. O. Baker of the Bell Telephone 
Laboratories an additional sample of du Pont granular 
polythene and polythene monofilaments drawn from 
the same granular polythene to a length six times the 
original length (500 percent elongation); and from 
Dr. R. B. Richards of the Imperial Chemical Industries 
of Great Britain a sample of granular “alkathene” of 


* Allied Chemical and Dye Corporation Fellow, 1949-50. 

t AEC Predoctoral Fellow, 1948-49. 
ania Richards, and Ryder, Trans. Faraday Soc. 41, 56 

* Our specific heat apparatus which involves several new modifi- 
cations is described in two papers published in Rev. Sci. Instr. 22, 
812, 818 (1951). 

*P. J. Flory, J. Chem. Phys. 17, 223 (1949). 


number average molecular weight equal to about 
30,000. 

After determining the specific heat of the polythene 
to temperatures within the liquid range 160 to 200°C, 
it was slowly cooled down in the calorimeters to — 30°C 
and the specific heat of this annealed material measured. 
We also prepared some quenched polythene by pouring 
molten polythene onto thin sheet aluminum and then 
immersing the strips quickly into a dry ice acetone 


. mixture. Such material was transparent at room tem- 


perature, but slowly turned cloudy; i.e., slowly and 
spontaneously partially crystallized. 


2. Difficulties of Specific Heat Measurements 


For the data to have strict thermodynamic signifi- 
cance it is necessary to heat the polythene reversibly, 
but in actual practice this is not possible; definite 
increments of heat must be added to the polythene and 
the temperature increments, usually about 10°C, must 
be finite. As the polythene is heated, structural changes, 
such as retraction in case of the drawn material, take 
place. These are irreversible modifications of physical 
form, and introduce, therefore, some uncertainty into 
the thermodynamic interpretation of the data. Further- 
more, the polythene in the trays closest to the heaters, 
is heated to a higher temperature during the heating 
period than the polythene in the geometric center of 
the trays; this polythene will melt during the heating 
and then will partially solidify during the subsequent at- 
tainment of thermal equilibrium. As structural changes, 
such as annealing of the material, occur during the 
melting, it is clear that the polythene did not remain 
homogeneous in physical state during the specific heat 
measurements conducted by us. This was evident from 
observations made during the first experiment on the 
drawn polythene when the experiment was stopped for 
repairs and the calorimeter opened after reaching 104°C. 
The monofilaments nearest the heaters had melted 
completely while those farthest from the heaters still 
retained some of their original shape (considerable con- 
traction had occurred, see below). 
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TABLE I. Smoothed values of the specific heat of 
polythene in cal/g °C. 








Granular 





°C Annealed and sheet Drawn rc Annealed 
—20 0.4203 0.419, 0.4095 160 0.6263 
0 0.4755 0.4695 0.4545 180 0.642, 
20 0.5433 0.5329 0.5075 200 0.658, 
40 0.6253 0.6077 0.5760 
60 0.728; 0.7055 0.666; 
80 0.930; 0.863» 0.829; 
90 1.097 1.03. 1.01; 
100 1.550 
110 1.200 
120 0.5945 
140 0.610; 








Data obtained in the melting region were not as 
reproducible as those for polythene in the liquid state.‘ 


3. Collected Data 


All the specific heat data of the individual runs, which 
are average specific heats over about a 10°C interval, 
were plotted on large scale plots, smooth curves drawn 
through the points and specific heats at rounded-off 
values of the temperature read from the curves. These 
results are given in Table I. Above 90°C the specific 
heats of the granular, sheet, and drawn polythene were 
so close to that of the annealed, and rose so rapidly 
with temperature, that no distinction could be made 
between them. The specific heat in cal/g °C in the 
liquid range above 110°C can be represented by the 
equation, 

Cp=0.5859-+-0.000807(T— 110°), (1) 


where T is in degrees centigrade. 


4. Density of Annealed and Drawn Polythene 


The density of the granules and monofilaments was 
determined mostly by a flotation method, but one 
checking experiment was performed using a pycnometer. 
Mixed water and ethanol served as the flotation liquid 
in the first method and water alone as the liquid in the 
pycnometer. Side tests were carried out to see if 
polythene absorbed ethanol or water, but no absorption 
could be detected. From time to time the flotation 
system had to be evacuated to remove bubbles of air 
adhering to the monofilaments or granules. All meas- 
urements were made at 25°C and weights corrected to 
vacuum. Data are given in Table IT.5 


INTERPRETATION OF DATA 


1. Calculation of Enthalpy, Entropy, and Free 
Energy Changes 


It was fairly easy to obtain the change in enthalpy 
for our polythene samples from a selected standard 


* See the paper by E. Hunter and W. G. Oakes, Trans. Faraday 
Soc. 41, 49 (1945) for hysteresis effects in cooling and heating 
polythene as deduced from density measurements. 

5 We are indebted to David T. Sorensen for the density meas- 
urements. 
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state which we have taken to be 110°C where all the 
samples are completely melted.* This was done by the 
simple expedient of adding cumulatively the energy 
increments for each heating period with corrections for 
gaps or overlapping in the temperature intervals by 
means of specific heat values read from the smooth 
curve. Table III contains “smoothed” enthalpy values 
at various temperatures. 

Although absolute entropies cannot be calculated 
from our data, it is possible to estimate the entropy 
change in the process annealed polythene—drawn poly- 
thene. Taking the entropy of all types of polythene to 
be identical in the liquid state at 110°C, the entropy 
at —20°C relative to 110° can be calculated by a 
graphical integration of the equation, 


—20 1 
AS= f —dH. (2) 
110 T 


The use of Eq. (2) assumes that the enthalpy increments 
are those for reversible additions of heat. As explained 
above, our heating stages cannot be strictly reversible 


TABLE II. Density of polythene of different 
physical modifications. 











Sample Density (g/cc) 

Lot 6170, granular 0.9123+0.0003 
Lot 6170, film 0.9116+0.0003 
Lot 6170, melted and quenched 0.9126+0.0003 
Lot 6170, melted and annealed 0.9168+0.0003 
Lot 2176, granular 0.9159+-0.0003 
Bell Telephone, granular 0.9162+0.0009 
Bell Telephone, drawn 0.9216+0.0004 
Bell Telephone, drawn (pycnometer) 0.9218+0.0001 
Bell Telephone, drawn, melted and 

quenched 0.9128=0.0003 








where irreversible modifications of physical form such 
as retraction or annealing occur, but we have no method, 
at the present time, of estimating the uncertainty in- 
volved. Data are collected in Table IV. From the 
entropy.and enthalpy, the entropy and free energy of 
cold-drawing of polythene can be estimated. These 
values are also given in Table IV, but are not considered 
to be very reliable on account of the uncertainties In 
the entropy calculations. 

If the drawing of the polythene had produced 4 
greater degree of crystallinity, one would have expected 
AH and AS of this process to be negative instead of 
positive as observed. Bryant’ has previously concluded 
that “actually there is little if any increase in crystalline 
content as a result of cold-drawing.” In their x-ray 
study of drawn polythene, Krimm and Tobolsky® found 
that the average crystallite size (perpendicular to the 


6The maximum temperature of melting can be accurately 
determined from the intersection of the curves representing the 
enthalpy of the liquid and solid when plotted as a function ° 
the temperature. 

7W. M. D. Bryant, J. Polymer Sci. 2, 547 (1947). 

8S. Krimm and A. V. Tobolsky, J. Polymer Sci. 7, 57 (1951): 
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(110) planes) of 140A in the unstretched polythene was 
reduced to 59A by stretching 500 percent. Thus, the 
x-ray and calorimetric data seem to be consistent with 
one another on the reduction of crystallinity by cold 
drawing. With less crystallinity in the drawn material, 
the density should be less because it is well known that 
the density of crystalline polythene at 25° is greater 
than that of liquid polythene extrapolated to 25°.4 
Much to our astonishment, the density of our mono- 
flaments of polythene turned out to be greater by 
0.0088 density units than melted and quenched poly- 
thene. Careful annealing of the quenched polythene 
increased the density by only 0.0042 density units. We 
have the anomaly, therefore, of the drawn polythene 
being less crystalline, but more dense than annealed 
polythene. Krimm and Tobolsky* point out that the 
amorphous sections of polythene become partially 
oriented on stretching. If it is possible for polythene 
chains to fit together so as to increase the density, 
without at the same time suffering a reduction in the 
heat content, our data could be explained. It is inter- 
esting to note that according to Krimm and Tobolsky’s 
findings,’ the spacing of the 110 plane of the crystalline 


TaBLE III. Smoothed values of the enthalpy of polythene from 
110° to —20°C. — AH in cal/g. 








Granu- 
lar and 
Annealed _ sheet 


Granu- 
lar and 
T°C Annealed sheet Drawn Fig * 


110 0 ; 56.5 56.3 
105 . , 10.5 , 69.5 68.6 
100 d d 19.5 ‘ 80.5 79.6 
90 R , 32.0 ‘ 90.2 89.2 
80 , d 41.3 a 99.4 97.6 


Drawn 











sections increases from 4.15A to 4.21A on stretching 
500 percent ; this should cause a decrease in the density 
instead of an increase. Krimm and Tobolsky could de- 
tect no orientation of the amorphous part of the solid 
polythene on stretching only 20 percent. 


2. Calculation of the Percentage Crystallinity 
of Polythene 


Raine, Richards, and Ryder!’ calculated the fraction 
of crystalline polythene in solid polythene below 115°C 
by means of the equation, 


1—@=(H,—H)/56.5, (3) 


where 6 is the fraction of amorphous polythene present, 
H, is the heat content of liquid polythene extrapolated 
below 115° (assumed to be identical with the heat 
content of amorphous polythene), H is the measured 
heat content of the solid, both Hz and H being calcu- 
lated with respect to the liquid at 115°, and 56.5 is the 
heat of fusion in calories per gram. 

The present picture of crystallinity in high polymers 
adopted by Frith and Tuckett,® Richards,” and Flory,’ 
aos M. Frith and R. F. Tuckett, Trans. Faraday Soc. 40, 251 
“R. B. Richards, Trans. Faraday Soc. 41, 127 (1945). 


TABLE IV. Changes in enthalpy and entropy from 110° to — 20°C. 








Annealed Granular Drawn 


—AS, eu/g 0.3098 0.3026 0.2952 
— AH, cal/g 101.5 99.4 97.6 





Thermodynamics of the cold-drawing of polythene at — 20°C 


TAS AH AF 
3.7 cal/g 3.9 cal/g 0.2 cal/g 


AS 
0.0146 eu/g 








and others is one in which each long chain polymer 
molecule can participate in several crystalline and 
amorphous regions, in which the amorphous and crystal- 
line regions can be sharply differentiated (this is prob- 
ably more nearly true for polythene than for any other 
high polymer), and in which the crystallinity is a func- 
tion of the temperature. It is generally assumed that the 
branched chain sections of the polymer molecules do 
not enter into any crystalline regions. In the mathe- 
matical treatment of Flory* which is strictly valid only 
for incipient crystallization from the melt, the equi- 
librium crystallite length is independent of the degree 
of crystallinity although Flory states that it might 
change markedly at high degrees of crystallinity. In 
Bunn and Alcock’s x-ray study of polythene" and in 
the work of Krimm and Tobolsky* mentioned above, 
the crystallite size was estimated to be below 200A; 
as the long chain molecules are over 1000A in length it 
is evident that the x-ray evidence substantiates the 
picture of the structure of polythene adopted by’ Flory* 
and Richards." Bunn and Alcock found that on heating, 
the crystallites did not suffer a gradual diminution in 
size, but that the fraction of crystalline material de- 
creased by a “gradual change in proportion of compara- 
tively large crystalline regions.”” Krimm and Tobolsky 
also state that the crystallite size does not change with 
change of temperature. 

It is reasonable to suppose that the crystallites of 
smaller chain length melt (i.e., pass from the crystalline 
to the amorphous regions) at lower temperatures than 
the larger crystallites. One would also expect the heat 
of fusion to decrease slightly as the size of the crystallite 
decreases. In Fig. 1 the heat of fusion in cal/g is plotted 
for a number of straight chain paraffinic hydrocarbons 
as a function of the melting point.!? As the molecular 


' weight increases, the contribution of the end effect 


decreases and the heat of fusion per gram rises. The 
result for the one branched chain hydrocarbon plotted 
in Fig. 1 demonstrates that branching lowers the heat 
of fusion more in proportion than it lowers the melting 
point ; however, in certain special cases, symmetrically 
branched hydrocarbons such as 2,2,3,3, tetramethyl 


uC, W. Bunn and T. C. Alcock, Trans. Faraday Soc. 41, 317 
1945). 
2 Data for the hydrocarbons below hexadecane were taken from 
“Selected Values of Properties of Hydrocarbons,” Natl. Bur. 
Standards Circ. No. C461 (Washington, 1947). Remainder of data 
from Parks and co-workers, J. Am. Chem. Soc. 52, 1032 (1930); 
71, 3386 (1949). 
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Fic. 1. Heat of fusion of paraffinic hydrocarbons as a function 
of temperature of melting point. Numbers are the number of 
carbon atoms per straight chain molecule; one branched-chain 
molecule is included. 


butane have very high melting points, as much as 100 
degrees higher than the straight chain hydrocarbons, 
but with low heats of fusion. However, such symmetrical 
molecules bear no relation to the molecular chains in 
polythene. 

In an attempt to estimate the influence of side chains 
and end effects on the heats of fusion and specific heats 
of methylene chains, we have plotted in Fig. 2 the heats 
of fusion in kcal/mole as a function of the number of 
carbon atoms in the molecule for some straight chain 
paraffins; also in the same figure are similar data for 
three cyclohexanes with paraffinic side chains plotted 
as a function of the number of carbon atoms in the 
side chain.'* It is interesting to note that the slope of 
the line for the cyclohexanes is approximately the same 
as that for the simple straight chain hydrocarbons; this 
indicates that except for an end effect we can use the 
heats of fusion per CH group, or 66.3 cal/g, with 
considerable confidence in studying the crystallinity of 
polythene. It is also apparent from Fig. 2 that the 
effect of the ends is to reduce the heat of fusion per 
gram as pointed out above; however, if we assume that 
methyl and ethylenic groups are completely excluded 
from the crystallites, as was done by Flory’ in his 
theory of crystallization, then we may omit any con- 
sideration of the reduction in the heat of fusion caused 
by side chains or end groups. Flory*® suggests that some 
degree of crystalline order may extend beyond the 
borders of the crystallite into the amorphous region; 
this would have an effect on the heat content equivalent 
to that mentioned above, namely a lowering of the 
_ average heat content of the amorphous region. When 
the whole crystallite has melted, this region of extended 
order naturally disappears, the melting has become 
complete, and the average heat content of the amor- 
phous region is then no longer reduced. It would appear, 
therefore, that such regions of extended order would 
contribute a small amount to the heat required to melt 
the solid polythene completely and would have the 
effect of increasing the percentage of crystallinity calcu- 
lated from the specific heat measurements. 


Bunn and Alcock" found that the spacing between 
CH, chains in amorphous polythene amounted to 4.45 
to 4.50A, slightly smaller than the liquid spacing in 
low molecular weight hydrocarbons, 4.63A. Alfrey and 
Mark” point out that when a unit of the polymer 
enters the crystal lattice, there is not only an entropy 
decrease resulting from the immobilization of the enter- 
ing unit itself, but also an entropy loss owing to the 
constriction of the amorphous chain. The enthalpy 
might also be somewhat less in the amorphous region 
yielding a smaller heat of fusion in the process, 


Crystalline polythene—amorphous polythene, (A) 


at the temperature in question. Similarly, on drawing 
the polythene the entropy of the amorphous regions 
can be expected to decrease, and the heat content also, 
yielding again a smaller heat of the process (A). These 
decreases in heat content would be the result of a 
closer approach of the chains in the amorphous regions; 
in the case of the drawn polythene the unexpectedly 
high density coupled with Krimm and Tobolsky’s 
finding of a slightly higher 110 spacing in the crystallite 
regions indicates a greater density for the amorphous 
regions than for the theoretical liquid polythene. 
Because the crystallites are so small in size the CH; 
segments on the surface will constitute an appreciable 
fraction of the total; such surface segments would be 
expected to have a heat of fusion reduced, perhaps, by 
one-sixth below the heat of fusion of CH» segments in 
the body of the crystallites. For crystallites 140A in 
cubic diameter, the heat of fusion should be reduced by 
about 2.7 percent while in the case of crystallites 59A 
in diameter which Krimm and Tobolsky found to 
exist in drawn polythene, the heat of fusion should be 
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Fic. 2. Open circles represent the heat of fusion of straight 
chain hydrocarbons; closed circles represent the heat of fusion © 
cyclohexanes with side chains 2, 7, and 12 carbons atoms long. 


18 T. Alfrey and H. Mark, J. Phys. Chem. 46, 112 (1942). 
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reduced by 5.9 percent. However, inasmuch as we do 
not know the exact shape of the crystallites (see below) 
we shall ignore the effect of size on the heat of fusion. 

On the basis of these considerations we conclude that 
various definitions of crystallinity are possible, first, 
the definition based on x-ray techniques which measure 
the fraction of completely crystalline regions; second, 
the definition based on specific heat measurements 
which measure the fraction of regions which have any 
order greater than that of the supercooled liquid poly- 
thene; third, the definition based on infrared absorption 
measurements which measure the intensities of absorp- 
tion bands caused solely by crystalline and amorphous 
regions (presumably this definition of crystallinity 
should be close to the x-ray definition); fourth, the 
definition based on density measurements. Since branch- 
ing in hydrocarbons may increase or decrease the 
density as compared to the density of straight chain 
hydrocarbons, it is difficult to decide whether the 
density method of estimating crystallinity will give a 
higher or lower fraction of crystalline material than 
any of the other methods listed above. 

The variation of the heat of fusion with temperature 
depends on the difference between the heat capacity of 
liquid and crystalline paraffins which may be expressed 
by the equations“ 


Cp (liquid paraffins)=0.50+-0.0011T (4) 
Cp (crystalline paraffins)=0.41+-0.0021T. (5) 

By using these equations we find that 
AH ;=62+0.09T—0.00057°, (6) 


where T is given in °C and the constant of the equation 
62 cal/g was chosen so that the heat of fusion would 
equal 66 cal/g at 110°C. Adopting the values given by 
Eq. (6) for the heat of fusion, we can now calculate the 
percentage of crystallinity by means of the equation, 
% crystallinity = 100(1—@) 
H,—H 
= 100 ie 
62+0.09T—0.00057T? 





TABLE V. Percentage of crystallinity in annealed, 
granular, and drawn polythene. 








Granular Drawn 


49.8 46.8 

49.3 47.7 

48.6 47.2 

47.2 45.8 

41.8 41.5 

36.1 36.5 

0 30.5 30.9 
95 . 26.5 27.0 
100 . 19.7 20.8 
105 . 11.2 11.5 


Annealed 











“Equation (4) was estimated from the data of Parks, Huffman, 
Thomas, J. Am. Chem. Soc. 52, 1032 (1930), while Eq. (5) is 
on the data of Parks and co-workers.” 
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Fic. 3. Estimates of the crystallinity of polythene. 


This method of calculating the crystallinity is based on 
the assumption that the heat content of the amorphous 
region is that of liquid polythene extrapolated to the 
temperature in question. As the temperature is raised, 
the amorphous regions become more and more like the 
hypothetical liquid; hence by the time the melting 
point is reached, enough heat has been added to convert 
the amorphous regions into the truly liquid state. The 
results of the calculation are given in Table V. Because 
of all the uncertainties involved in the choice of the 
heat of fusion and of the enthalpy of the amorphous 
regions, the percentages of crystallinity given in Table V 
are probably not reliable to any better than 10 percent. 
The relative differences between drawn and annealed 
polythene may be in error by as much as one or two 
percentage units. 

It is interesting to compare the data of Table V with 
estimates of the crystallinity of polythene computed 
from x-ray* and density measurements.‘ This is done in 
Fig. 3 where it can be seen that the percentages of 
crystallinity computed by us using Hunter and Oakes’ 
method and their data‘ (their sample VII whose 
density was nearest to that of the material used by us) 
are greater and the x-ray data less than the specific 
heat values. As predicted above, the x-ray estimates 
are lower, probably because the x-ray method deter- 
mines only the fraction of completely crystalline regions, 
whereas the thermal and density methods involve all 
degrees of order in the solid state. 


3. Application of Statistical Theories of 
Crystallization in Polymers 
to Polythene 


If the statistical theories of crystallization developed 


by Frith and Tuckett,’ Richards,” and Flory*® were 


% F, P. Price, J. Chem. Phys. 19, 973 (1951) has recalculated 
the percentage crystallinity of polythene from Hunter and Oakes’ 
data, obtaining higher values than Hunter and Oakes and higher 
than those calculated by us, because he used greater values for 
the specific volume of the perfectly crystalline state than did 
Hunter and Oakes. He did not say what values he used, however; 
his calculation resulted in a value of 85 percent crystallinity 
at 0°C, considerably higher than the calculations illustrated in 
Fig. 3. 
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applicable to polythene, one would expect (1) a sharp 
upper limit to the melting range, (2) a melting range 
covering “at most a few degrees,” (3) approximate 
proportionality between 1/T and 1/6. The prediction of 
a sharp upper limit to the melting range is verified as 
can be seen from a plot of either the specific heat or 
the enthalpy as a function of temperature, but the 
melting range covers a very broad range of temperature 
and the proportionality between 1/T and 1/8 is also 
not verified. Actually, Flory’s* mathematical treatment 
is based on assumptions which hold only at incipient 
crystallization, and also on the assumption of thermo- 
dynamic equilibrium. In our samples of polythene 
crystallization equilibrium probably does not exist com- 
pletely at lower temperatures, thus possibly invalidating 
any strict mathematical approach to the interpretation 
of the data. Furthermore, the existence of side chains 











Fic. 4. Test of an 
approximate form of 
Eq. (8). 




















4 
% Crystallinity 


and branching in the polyethylene molecule promotes 
the nonattainment of thermodynamic equilibrium by 
preventing the crystallization from occurring to the 
extent demanded by the theory. Despite these diffi- 
culties it is of some interest to study the direction of 
departure of the data from the mathematical expres- 
sions. Flory’ gives the following equation for the entropy 
of melting per mole of chain units for a homogeneous 
polymer containing no diluent, 


R 
ASm=(1—6)s,,—— In@ 


x 
R(1—8@) x—¢+1 
—-— [m+n =| (8) 
¢ x 


where s, is the entropy of fusion per structural unit, 


D an unknown “nucleation parameter,” and x the total 
number of structural units in a polymer molecule, As 
Flory remarks, the essentials of the theory can be 
applied to a nonhomogeneous polymer by replacing + 
by Z, where Z,, is the number average degree of polymer. 
ization. To a first approximation AS,, will be a linear 
function of (1—#@) as the second and third terms of 
Eq. (8) are small in comparison to the first, at least 
for values of @ near unity. In Fig. 4 values of AS,, for 
annealed polythene are plotted as a function of the 
fraction of crystallinity, using the crystallinity data of 
Table V. The linear relation appears to be valid up to 
50 percent crystallinity corresponding to 20°C. At 6 
percent crystallinity R/xIn@ has the value 0.001, a 
practically negligible quantity. The term R(1—6) InD/¢ 
has the value —0.026 if D is given the value 0.5 and 
¢ 30, while —R(1i—8@)/¢LIn(a—¢+1)/x] is +0.0006, 
a negligible quantity. As the contributions from the 
second and third terms of Eq. (8) are positive in sign, 
it would appear that D would have to be greater than 
unity for any improvement between theory and exper- 
ment to be effected.'” We can conclude that up to 50 
percent crystallinity the second and third terms of 
Eq. (8) make a negligible contribution to the entropy 
of fusion. 

One would expect the crystallites which form at 
incipient crystallization to have the maximum length 
possible (by length we mean distance parallel to the 
fiber axis, transverse to the direction of growth of the 
crystallite). As Flory remarked, formation of smaller 
crystallites will require a lowering of the temperature. 
When the polymer molecules are long enough so that no 
significant error is introduced by writing x=~, the 
depression of the melting temperature below the maxi- 
mum is inversely proportional to ¢, assuming D to 
remain constant. In fact if complete thermodynamic 
equilibrium existed, the polymer would crystallize 
sharply at one temperature for the case of molecules of 
infinite length ; thus in Flory’s theory, the existence of a 
melting range (for x very large) depends upon a change 
of crystallite size with temperature. 

Flory has suggested that the abnormally large melting 
range in polythene is the result of the existence of 
branching and side chains in the long chain molecules 
and has developed an approximate mathematical theory 
for this effect. We shall now outline the development of 
a somewhat more exact mathematical treatment. 


4. Statistical Theory of Crystallite 
Length Distribution 


Assuming that no side chains, end groups, or branched 
regions of polythene can enter into the crystallites, then 


16 The value of x is about 1800 methylene groups as calculated 
from the intrinsic viscosity. . 

17 A value of D greater than unity signifies a negative AF = 
the fusion process according to Flory’s theory. This means tha 
crystallites would assume the smallest length possible; i-e., SP” 
taneously melt. However, such deductions require thermodynam 
equilibrium to be established which may be far from true. 
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the maximum length, ¢, of the crystallites in any indi- 
vidual case will be governed by the distance along the 
chain between side chains. We shall not attempt to 
calculate the width or lateral dimensions of the crystal- 
lite. Leaving the end groups out of consideration, let 
there be a total of S methylene units in the polythene 
chain with y side chains. If there are b carbon atoms 
per side chain beyond the main chain, then the maxi- 
mum fraction of crystallinity will be given by the 
equation, 


1—0=(S—y)/(S+by+2). (9) 


(The two enters in because of the end groups.) What 
we wish to know is the number of sequences of 
methylene groups of length ¢, each sequence being 
without any intervening side chains. Assuming that y 
side chains are randomly distributed on S sites, the 
total number of possible and distinguishable configura- 
tions, C, of the y side chains along the main chain is 
given by the expression well known in adsorption 
theory, 

C=S!/(S—y) ly}. (10) 


By applying the usual type of statistical reasoning, the 
number of sequences of length ¢ in all possible con- 
figurations can be shown to be 


Cr=(S—1—H)!y(y+1)/(S—y—-Hly!. (11) 


By setting ¢ equal to zero in (11) we obtain the total 
number, Co, of all side chains in each possible con- 
figuration except where they occur singly, but including 
single side chains at the two ends of the main polythene 
chain of S methylene units, 


Co= (S—1)!y(y+-1)/(S—y) ly! (12) 


The total number in all possible configurations of all 
“free” sequences (sequences available for crystalliza- 
tion) plus the number of all side chains except where 
they occur singly and including single side chains at 
the two ends of the main chain is given by the ex- 
pression, 


C.=S\(y+1)/(S—y)!y!. (13) 


Subtracting (12) from (13) gives us the total number of 
free sequences in all possible configurations, or 


S—y (S— 1)! 
C= —__—_————_ 
f=1 (S—y—1)!y! 


Dividing Eq. (11) by (14) gives the mole fraction of ¢ 
sequences or 


(y+1). (14) 


% (S—1-)(S—y—-1)! 
sy (S—y—HS—1)! 


Vs 
f=1 
From (15) it is easily shown that 








(15) 


and 


— (—~) (17) 
Ve41= Ve ‘. 

slits Si Ear 
Thus, knowing S and y, the mole fractions of sequences 
differing in ¢ are readily calculated from (16) and (17). 
The ratio of ¢ calculated from Flory’s theory to that 
calculated from ours is for 


¢=1, ratio—1—(1/S), 


1 2 
¢=2, ratio= (1-~)(1-) > 
S S 1 


S-y 
etc. 


Hence if S is large and y small compared to S, the 
difference between the two theories is negligible; how- 
ever, as ¢ becomes large and y large in respect to S, 
the difference between the two methods of approach 
will be significant. It should be pointed out that 
Eqs. (15), (16), and (17) are exact without any approxi- 
mations having been made in their derivation. 

The weight fraction of sequences ¢ methylene groups 
long can be derived from the ratio 


§(S—1—s)y(y+1)/(S—y—5) 9! 
S(S—y)/(S—y)Iy! 
(S—y—1)'’"(S—1-—¢)! 
(S—y—9)!S! 
Combining (18) with (15) we find that 








W;= f-y(y+1). (18) 


S-y 


Wr= fy = fvp= IF (y+1)/S. (19) 


Thus, the weight fraction of v sequences of ¢ units can 
be readily calculated from the mole fraction. Equa- 
tion (19) gives the weight fraction of the “free” 
sequences without taking into consideration the weight 
of the side chains or end groups. 
The total average moles of sequences of all types, 
S-y 
DL 


t=1 


per mole of long chain molecules, is determined from (19) 
in the following way: 


(20) 


(21) 
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Fic. 5. Open circles, ¢, calculated from Eq. (17). 
Closed circles, Wy, calculated from Eq. (19). 


In Flory’s theory the sum equivalent to (21) is S/y. 
It should be noted that Flory sums up to ¢ equal to 
infinity whereas in the mathematical treatment pre- 
sented here this approximation is unnecessary. Now, 


S—y S—y 
faa 
f=1 S-y 
Lo sir 


f=1 


-v +1)(S—y) 
Gwe (22) 
f=1 S 


In Flory’s theory, the equivalent sum is y(S—y)/S. 

To apply these equations we need to know S and y; 
as an illustrative example we shall take S equal to 1500, 
y 100, and 6 3. This gives a side ‘chain every 15 carbon 
atoms along the main chain, the number estimated by 
Bryant’ to exist in du Pont polythene, and a molecular 
weight of about 25,000 which we have found for our 
sample of polythene from viscosity measurements. The 
value of three chosen for b is a pure guess. There is 
another method of estimating the mole fraction of side 
chains. From a study of the melting point of crystalline 
paraffinic hydrocarbons as a function of chain length it 
is estimated that the melting point of straight chain 
hydrocarbons of infinite length is 408°K.® Assuming 
that the melting point of our polythene is lowered from 
408° to the observed value, 383°K, because of the 
presence of the “‘co-polymer” branch chain units, we 
can apply Flory’s* equation 


18 Garner, Bibber, and King, J. Chem. Soc., 1533 (1931). 


to calculate the value of X4 (in our terminology X, 
equals (S—y)/S, and Xz, y/S). Thus, T° is 408° 
Tm 383°, and h, 924 cal per mole of CHe groups. The 
calculation yields a mole fraction of side chains equal 
to 0.928 which is equivalent to one side chain for every 
13.9 carbon atoms along the chain, reasonably close to 
the chosen value of one every 15 carbon atoms. 

Figure 5 illustrates values of # and W; calculated 
for values of ¢ up to 60 methylene units. The curves 
have the expected shape and demonstrate that the 
maximum weight fraction of sequences occurs at the 
average length of the free sequences, (S—)/y or 14. 

If all the sequences of methylene groups crystallized 
perfectly together, the maximum crystallinity would be 
0.777 as calculated from Eq. (9). 

Our chief interest in the statistical theory given here 
is in its application to the estimation of crystallinity 
as a function of temperature such as shown in Fig. 3. 
Flory* approached this problem by calculating the 
fraction of crystallinity assuming that all sequences of 
length greater than ¢ crystallized in crystallites of uni- 
form length equal only to ¢+1 at any particular ten- 
perature. At lower temperatures crystallites of shorter 
lengths can form, but again of uniform length. Another 
method of approaching this problem is to calculate the 
fraction of crystallinity assuming that sequences of 
length ¢+1 crystallized only with sequences of this 
type, ({+2) only with (¢+2) sequences, and so on. 
Figure 6 illustrates the trend of crystallinity as a 
function of ¢ where ¢ is the length of the longest 
sequence still uncrystallized at the temperature in 
question. From the figure it is obvious that the Flory 
assumption is not correct for polythene as it gives a 
maximum crystallinity of only 30 percent, whereas the 
observed is 53 percent. The second assumption which 
yields the top curve of Fig. 6 is also not correct as it 
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Fic. 6. Theoretical crystallinity curves based on assumptions 
of gg paper, open circles; on Flory’s assumptions, Cl 
circles. 
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yields too high a degree of crystallinity, as might have 
been expected. The curves of Fig. 6 were calculated 
taking into consideration the 23 percent of presumably 
uncrystallizable polythene in the branched chains. 

Inasmuch as in the specific heat measurements the 
percentage of crystallinity was determined as a function 
of temperature and not crystallite length, it is necessary 
to relate the temperature of melting to the crystallite 
length in order to compare theory with experiment. 
This can be done making use of Flory’s* equation 


(24) 


where D is the unknown nucleation parameter men- 
tioned above. In Eq. (24) we have neglected the terms 
of Flory’s equation, 


s/(a—-$+1) 
(x—¢+1) 
ory 


x 


and 


because they are negligible with respect to InD in our 
case. Noting that the actual extent of crystallization 
(Fig. 3) at the lower temperature is only 0.68 that of 
the extent of crystallization calculated assuming perfect 
crystallization (Fig. 6, upper curve), we estimate that 
at 10 percent observed crystallization where the tem- 
perature is 377°K, the crystallite length suitable for 
use in Eq. (24) is 43. With this crystallite length and 
temperature, D is calculated to be 0.44, a reasonable 
result. Reinserting this value of D in Eq. (24) and 
calculating T at selected values of ¢ we can construct 
a temperature-crystallinity curve by making use of the 
data of Fig. 6 after multiplication of the fraction of 
crystallinity by the factor 0.68. This procedure requires 
that the calculated crystallinity and the observed agree 
at two points on the curve, at 104 and — 20°C. Figure 7 
illustrates the results of the calculation where it can 
be seen that the shape of the observed crystallinity- 
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Fic. 7. Open circles, crystallinity calculated after fitting the 
‘curve to the data at 0.1 and 0.5 fraction of crystallinity. Closed 
circles, experimental data for annealed polythene. 
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Fic. 8. Estimated crystallite weight distribution as a fraction 
of crystallite length. Open circles, annealed polythene, closed 
circles, drawn polythene. 


temperature curve is only approximately duplicated by 
the theory. A comparison with the crystallinity deter- 
mined from density measurements, Fig. 3, would have 
yielded better agreement; but the density determina- 
tions were made on a different sample of polythene 
from ours and may not have contained as many 
branched chains per long chain molecule. It is interest- 
ing to note the bend in the theoretical curve near the 
maximum temperature of melting. Our specific heat 
data are not sufficiently precise in this temperature 
range to demonstrate the existence or absence of such 
an effect. , 

From Eq. (24) we find that d7/df is equal to 
— 258/¢?; with this result and knowing the tempera- 
tures corresponding to ¢ from Eq. (24), we can compute 
a weight distribution as a function of crystallite length 
by multiplying dT /d¢ by d(1—6)/dT, the slope of the 
experimental curve of Fig. 3. This last calculation is 
illustrated in Fig. 8 where it can be seen that the curve 
of the weight distribution is only approximately similar 
to the calculated curve, Fig. 5. The results of Fig. 8 
demonstrate a greater fraction of crystallites of very 
short length than predicted; also that on drawing the 
proportion of long crystallites is slightly increased. At 
first sight this seems to be in direct contradiction to 
the results of Krimm and Tobolsky* who noted a de- 
crease in crystallite size on drawing, but they were 
measuring the distance between 110 planes, vertical to 
the chain axis, whereas ¢ is a measure of the distance 
along the chain. If, on drawing, large crystallites be- 
come smaller but longer, the data of Krimm and 
Tobolsky and of this paper could be reconciled. 
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The x-ray evidence indicates no change in crystallite 
size as the temperature changes; again this seems to be 
in contradiction to the theoretical treatment which 
makes ¢ a function of 7. However, as mentioned above, 
the x-ray calculations give the lateral and not the 
longitudinal crystal size. 
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viscous effects in the vapor flow are neglected. 


I. STATEMENT OF THE PROBLEM 


HE following problem is considered: A liquid 
surface at x=0 is maintained at a temperature 
To, and a second surface of the same liquid composition 
at x=a is maintained at the temperature 7, with 
T,<T>. It will be supposed that the intervening space 
contains only the vapor of this liquid and that the flow 
of the vapor from x=0 to x=a is steady and one- 
dimensional, i.e., that the vapor density p, the vapor 
pressure p, the vapor temperature T, and flow velocity 
u are functions of x only. It will also be assumed that 
the flow velocity u is small compared with the velocity 
of sound in the vapor and further that any deviations 
of the vapor from the perfect gas law are negligible. 


II. ALGEBRAIC RESULTS FROM CONSERVATION OF 
MASS AND MOMENTUM 


By assumption p=p(x), p=p(x), u=u(x), and 
T=T(x), and the conservation of mass is expressed by 


pu= poto (1) 
and the conservation of momentum by 
pt pu?= pot pour’, (2) 


where po= p(0), po= p(0), and m= xu(0). Since it is sup- 
* This study was supported by the ONR. 


Note on the Flow of Vapor Between Liquid Surfaces* 


Mitton S. PLESSET 
California Institute of Technology, Pasadena, California 


(Received January 30, 1952) 


The mass flow of vapor from a liquid surface at temperature 7» to another surface of the same liquid at 
temperature 7;(71< 7») may be very readily determined in the case of one-dimensional flow from the con- 
servation relations for mass and momentum. These relations involve both the coefficient of evaporation and 
the coefficient of condensation. It is therefore possible to determine the condensation coefficient which has 
heretofore not been accessible to measurement. A new method for determining the evaporation coefficient is 
also made available. The temperature of the vapor between the liquid surfaces may also be found when 
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posed that the vapor obeys the perfect gas law 
p= pRT, 







Eq. (2) becomes 

pRT+ pu?= poRT + pour’, (2' 
where 7)>=7(0). From Eq. (1) p= pouo/u so that Eq. 
(2’) may be written 

(RT /u)+u= (RT o/u0)+ UM. (3) 
The speed of sound in the vapor is (yRT)?, where 7 
the ratio of the specific heat of the vapor at constan! 
pressure to the specific heat at constant volume. The 


case of present interest is one in which the flow velocity 
is very small compared with the speed of sound so that 


RT/u>>u; RT o/u>u. (4) 












Equation (3) is a quadratic equation in “, and in view 
of the relations (4) the root of concern is given af- 
proximately by 






If the term of next higher order is included, this 100 
of Eq. (3) is 
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FLOW OF VAPOR BETWEEN 


The first correction term is proportional to the square 
of the ratio of the vapor velocity to the velocity of sound 
and will be omitted in the analysis to follow. If one uses 
the approximation of Eq. (5) for u, then from Eq. (1) 
one has p7 =constant so that # is also constant. There- 


fore, 
pT = poly (6) 


P= Po (7) 
in the present approximation.' 

The mass flow of vapor per unit area per unit time 
or the current density at the liquid surface x=0 is the 
difference between the rate per unit area at which 
molecules evaporate from the liquid and the rate per 
unit area at which they condense so that 


pPouo= Js (0)—J_(0). (8) 
From kinetic theory one has 
J.(0) = a(RT)/27M) bp0°, (9) 


where a is the evaporation coefficient for vaporization 
from the liquid surface, M is the molecular weight of the 
vapor, and po° is the equilibrium or saturation vapor 
density at the temperature 7». The vapor density 
adjacent to the liquid surface at x=0 is po(po<po*) and 
the temperature is T» so that 


J_(0) = B(RT)/27M) ‘po, 


where 8 is the accommodation coefficient for condensa- 
tion on the liquid surface. Equation (8) therefore be- 
comes 

potto= (RTo/27M)*(apo*— Bpo). (10) 


The current densities at the liquid surface «=a may be 
considered in the same way; thus, 


J_(a)= a(RT;/27M)'p3°, 
J .(a)= B(RT,/24M)'p,, 


where p;° is the equilibrium vapor density for the tem- 
perature 7) (p;> p,°). Then 


pit, = (RT\/27M)*(Bp,— api’). (11) 


| The coefficients a and # are taken to be independent of 


temperature. From Eqs. (5) and (6) 
,/T\= uo/To, pol p= pil, 
and these relations together with Eqs. (10) and (11) 
readily give the following: 
ax =) 1+ (01°/p0°)(T1/To)! 
po= ras ( ; 
1+(T;/T»)} 


Ty 





(12) 





(13) 


w=a( RT, (2) 1—(p1°/po’)(T1/To) 


T; 1+(p1*/po*)(T/To)® 
RT, ) 1—(p1°/po°)(T1/To) 
21M 1+(T:/T)* 


‘Equation (7) is an approximation to the relation p=/o 
Ybo(uc?/co?) -(1—u/1), where the sound velocity co=(+po/po)!. 


27M 





J = pito= ape( (14) 


LIQUID SURFACES 

































































90 
T (°C) 

Fic. 1. The density of water vapor p:, adjacent to a water surface 
at temperature 7), is shown by the solid curves as a function of 
T,, the temperature of the cooler surface, for various values of To 
where 7» is the temperature of the warmer surface. The dotted 
extensions of the curves give the density of water vapor p; ad- 
jacent to a water surface as a function of its temperature 7, where 
now these values apply to the warmer surface. p;° is the density 
of saturated water vapor in equilibrium with its liquid at tem- 
perature T;. The evaporation coefficient a has been taken to have 
the same value as the accommodation coefficient 8. 


The net current density J involves the evaporation 
coefficient a so that measurement of J leads to a value 
for a. This coefficient has been determined by previous 
investigators from the rate of evaporation of a liquid 
into a vacuum, but it may be useful to have a different 
experimental procedure available. To the author’s 
knowledge, it has not been possible to measure the ac- 
commodation coefficient for condensation @. It is ap- 
parent that a measurement of pp would determine 6 
when a is known, or alternatively, if a measurement of 
the velocity #) can be made, 8 may be found directly. 
Clearly a and 6 have the same value under equilibrium 
conditions. It has often been assumed that they have 
the same value under non-equilibrium conditions; this 
assumption may not be justified. 

Computations using Eqs. (12), (13), and (14) have 
been made for water vapor. Figure 1 gives a comparison 
of p; and po with the equilibrium values p,° and po* for 
various values of J) and 7;. Figures 2 and 3 show the 
vapor flow velocities w and ™, respectively, and Fig. 4 
shows the variation of the current density J with T) and 
T;. In the evaluation of these quantities the evaporation 
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Fic. 2. The value of the flow velocity for water vapor u% at the 
warmer liquid surface 7» is given as a function of the temperature 
of the cooler liquid surface of temperature T,. The accommodation 
coefficient for water vapor has been taken to be B=0.04. The 
dotted portions of the curves correspond to interchange of warmer 
and cooler liquid surfaces (J71>T7p). 


coefficient a for water vapor has been taken to be 0.04, 
and the accommodation coefficient 6 has been given the 
same value. 


III. SOLUTION OF THE ENERGY EQUATION 


The temperature field T(x) for O0<”<a may be de- 
termined from the energy equation; the velocity u(x) 
and the density p(x) may then be found from Eqs. (5) 
and (6), respectively. When effects of viscosity or 
turbulence are neglected, the energy equation*® becomes 
for steady one-dimensional flow 


ar @T d 
pc,u——- = a nl (15) 

dx dx? pdx 
where ¢, is the specific heat of the vapor at constant 
volume and & is its thermal conductivity. Equation (15) 
neglects any variation of k. From Eq. (6) p=po7o/T 
so that 


dp polodT 


dx T? yy 





2G. Wyllie, Proc. Roy. Soc. (London) A197, 383 (1949). 
8S. Goldstein, Modern Developments in Fluid Dynamics (Oxford 
University Press, New York, 1938), Vol. II, §260. 
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and consequently 
pudp - dT 
——= | Rou—. 
p dx dx 


Thus, Eq. (15) may be written as 


R\dT dT k @T 
(4) LS 
Cyo/ dx dx puc, dx? 





where vy is the ratio of specific heats. Further, from 
Eqs. (5) and (6) up=wopo so that the equation to be 
solved becomes 
dT Di @T 
(Pennie, (16) 
dx Uy dx? 


where the thermal diffusivity Do= (k/ oc»). The bound- 
ary conditions for Eq. (16) are T(0)= 7) and T(a)=T7,,. 
The appropriate solution of Eq. (16) is readily found 
to be 

T (x)= A— Ber™07/Do, (17) 


where the constants of integration A and B have the 


values 
T e7%02/Po— Ti 





A= 18 
a (18) 
To—Ti 

B=———_-. (19) 

evu0a/Do__ } 
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Fic. 3. The value of flow velocity ; at the cooler liquid surface 
of temperature 7; is shown for various temperatures 7o of the 
warmer liquid surface. The accommodation coefficient 8 =0.04. 
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FLOW OF VAPOR BETWEEN LIQUID SURFACES 


It should be remarked that under ordinary circum- 
stances €7”°*/9 is a very large number so that to a good 
approximation 


A=Ty, B(To—Tye~™!», 
and the temperature field may be written 
T(x) =~Ty— (To- T )e~(40/Do) (a—z) | (20) 


It is apparent from Eq. (20) that T(x) remains very 
nearly equal to Ty from x=0 to within a distance of the 
order of Do/yuo from x=a; the temperature then drops 
rapidly to 7, at x=a. This behavior may be illustrated 
by considering an example of water vapor flow. Then 
D, is approximately 0.2 cm?/sec, and y is roughly 1.3; 
fora vapor flow velocity of 100 cm/sec, one has Do/yuo 
~1.5X10-* cm. This distance is still large compared 
with the mean free path so that the use of ordinary 
kinetic theory relations is permissible. If with these 
same numerical values, a is 1 cm, then 


evuoa IDo~ ee, 


so that A is very closely equal to To, B is very near 
zero, and the second term in Eq. (17) or (20) becomes 
significant only when «x is nearly equal to a. The be- 
havior of u(~) and p(x) will, of course, be similar to 
that of T(x). 

As a final remark it may be pointed out that the 
results of Eqs. (5), (6), and (7) apply to the one- 
dimensional flow of any gas (obeying the perfect gas 
law) at low velocity. Likewise the solution for the energy 
equation given by Eq. (17) has general validity for a 
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Fic. 4. The mass flow, J= pu, of water vapor per unit area per 
unit time from a warmer water surface with temperature 7» to a 
cooler surface with temperature 7; is shown as a functiun of 7; 
for various values of To. The dotted portions of the curve refer to 
reversed flow where the warmer and cooler liquid surfaces are 
interchanged (7, >T7»). The evaporation coefficient a=0.04. 


perfect gas with constant thermal conductivity. For 
example, the thickness of a one-dimensional flame front 
as determined by thermal conductivity would be given 
by Eq. (17). 
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description of the experimental facts. 
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Orientation Effects in Solutions of Alcohols 


J. BARKER 
Division of Industrial Chemistry, C.S.I.R.O., Melbourne, Australia 


(Received September 24, 1951) 


An attempt is made to relate the free energy, heat, and entropy effects involved in the solution of alcohols 
in nonpolar solvents with the molecular interactions in the solutions. A simple model for the alcohol mole- 
cules is proposed, and the thermodynamic functions for a one-dimensional array, and in a simple case for a 
three-dimensional array, are determined by the methods of statistical mechanics. The results for the three- 
dimensional array are used to examine the assumption of “repeatable step” association with a definite equi- 
librium constant, and cast some doubt on the justification for this assumption. It is concluded that a more 
complete treatment of the three-dimensional array should provide a satisfactory basis for the complete 





































1. INTRODUCTION 


HE thermodynamic properties of non-ideal liquid 
mixtures are described in terms of the free energy 
and entropy changes on mixing in excess of those 
changes for an ideal solution, together with the change 
of heat content on mixing. Typical behavior of these 
functions for solutions of alcohols in nonpolar solvents 
is shown in Figs. 1(a) and 1(b). A satisfactory theo- 
retical treatment must explain the following features: 
(a) positive values for the excess entropy of mixing at 
low alcohol concentrations and negative values at higher 
alcohol concentrations, (b) negative values for the heat 
of mixing at high alcohol concentrations for some 
systems. 

The basis for the explanation must lie in the nature 
of the molecular interactions occurring in the solution. 
The interactions likely to be significant are (a) the 
hydrogen-bond interaction between a hydroxyl hydro- 
gen and the oxygen of a different alcohol molecule, 
(b) a specific (i.e., orientation-dependent) interaction 
between a hydroxyl hydrogen and a polarizable solvent 
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Fic. 1. Experimental thermodynamic functions, after 
Scatchard (references 2 and 3). 
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molecule, and (c) the nonspecific interactions, which 
depend on the types of molecules involved. 

To investigate the relation between these molecular 
interactions and the behavior of the thermodynamic 
functions, a one-dimensional model of a solution has 
been examined mathematically in some detail. The 
properties of this model can be calculated without the 
approximations necessary in the treatment of a three- 
dimensional model. 


The thermodynamic functions have also been calcu- | 


lated by an approximate method for a three-dimensional 
array of molecules in the special case where only the 
hydrogen-bond interaction is effective. 


in Sec. 2. Sections 3-5 set out the theory of the one- 
dimensional array, while Secs. 6 and 7 give the theory of 


the three-dimensional array. The results are discussed 


and compared in Sec. 8. 


2. DESCRIPTION OF THE MODEL 


(a) Both alcohol and solvent molecules are spheres, 


having a common radius. 


(b) The interaction energy of a nearest neighbor pair 


of molecules depends on the atomic groups which a pair 


of alcohol molecules present to each other, or which an § 


alcohol molecule presents to a solvent molecule (S). 


Alcohol molecules are assumed to contain O-groups, § 


H-groups, and I-groups. (These represent, respectively, 


the oxygen, hydroxyl hydrogen, and hydrocarbon resi- § 
due parts of an actual alcohol molecule.) Definitions of J 


the interaction energies are given in Table I. 


(c) The atomic groups of an alcohol molecule are | 
each supposed to be associated with a particular direc- | 


tion in the molecule, and interactions between molecules 
are supposed to take place along these directions only. 


For short-chain molecules (methanol, ethanol) it is as § 


sumed that two I-groups are present in addition to the 
H-group and O-group. The four corresponding direc- 
tions are supposed to be tetrahedrally disposed. 

(d) It is assumed that an alcohol molecule has 12 
possible orientations with respect to the lattice on which 
the molecules are arranged, and that 3 of these remaln 
available if one direction in the molecule is fixed. 
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TABLE I, 






















Type of interaction Energy 
H—H, 0-0, II, O-I, H-I Usa 
H-—-O U'aa 
O-—S,I-S Uas 
H-S U'as 
S-S Uss 
















The following definitions are made for brevity: 
u=exp(—U4s/kT), u’=exp(—U'4s/kT), 
w=exp(—U4a/kT), w'=exp(—U'4a/kT), 
y=exp(—Uss/kT), 
n=w /w, w=u'/u, 







(1) 


o=wy/u. 
a7 





3. THE PARTITION FUNCTION FOR A CHAIN 
OF ALCOHOL MOLECULES 


In this one-dimensional treatment the molecules are 
apposed to be arranged on an array of sites forming a 
warest-neighbor chain on a diamond-type lattice. Al- 
hough these sites do not lie in a straight line the prob- 
¢m is one-dimensional in the sense that only molecules 
«cupying successive sites in the chain are considered 
interacting. 

The number of configurations available to a chain of 
talcohol molecules is determined by solving a set of 
reurrence relations, established by considering the ways 















# ‘adding molecules to the chain. It is necessary to de- 





ine classes of configurations according to the direction 
which the end molecules of the chain present to the 
iighboring, next to be occupied, sites. These definitions 
ae given in Table II. 

In this table P,*»" for example represents the number 










} ‘configurations of class 1 (or of class 1*) available to 
@ichain of 2 molecules when there are r H—O interac- 
pheres, § 





tions in the chain. 

In matrix notation the desired recurrence relations 
we given by Eq. (2), or with obvious definitions of 
wlumn vectors p”” and matrices a and b by Eq. (2’). 










Pintle f 3 3 0 P\"" 
Petr} 16 2 3 Off Pom 
Ptr 14 2 11/2 3] Pyne 
Pir? 10 0 4 6f Part 
10 0 OffPr 
01 0 Of Pn 
Ho 1 4 ofpeat @ 
00 2 Of Py 
prtir=ap'+bpr |, (2’) 






The following “boundary conditions” may be es- 
tablished : 







0 
prmi=bmtp, where p=|4|. (3) 





2 


It can be shown that the recurrence relations (2’) 
‘td boundary conditions (3) are satisfied if p”’” is 
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the coefficient of e” in the polynomial expansion of 
(a+«b)""p. To determine (a+ eb)" it is only neces- 
sary to determine the eigenvalues £1, £2, £3, and £4 and 
the corresponding eigenvectors 1, po, ps, and p, of the 
matrix (a+b). The vector p may be expanded in terms 
of these eigenvectors: 


4 


p=arpitacpot aspst asps= do axpe- 


1 
Then it follows that the corresponding expansion of 
(a+¢b)"">p is ; 


4 
(a+ eb)" p=. ang” Pr (4) 
1 


The determination of the quantities ax, &%, px is a 
matter of algebra. Their values are given in Table III. 

Equation (4) expresses the configurational factor in 
convenient form for the evaluation of the partition 
function, which proceeds as follows. 

There are P,"’ configurations of class 1 having 
r H—O interactions, each configuration having the 
energy 


(n—r— 1)UgatrU' 44+2U' as. 


(The last term represents the interaction between the 
end molecules of the chain and the adjacent solvent 
molecules.) The contribution of these configurations to 
the partition function is 


12-"P,n.7 
Xexp{ —((n—r—1)U aat+rU' 44+2U'4s)/kT} 


= 12-*Py""w" "4" 7". 


Considering in this way configurations of all classes 
and with all numbers of H—O interactions, the partition 
function is found to be 


n—1 
F,=12-"w"™"42 > (1+?) Pi*’+wP2”” 
r=0 
+(1+w)P3""+ Pa" Jn’. 


The expressions 
n—1 n—1 
i P,**y!, } a P2”'"n", etc., 
r=0 r=0 


are the components of the column vector (a+ 7b)", 
which has already been evaluated (Eq. (4)). It follows 


TABLE IT. 








Number of configurations 


Direction presented by end 
for m molecules with r 


molecules to neighboring 





Class sites H —O interactions 
1 Both H Py? 
a Both O Py 
2 One O, one H PP." 
3 One H, one I P3™" 
3* One O, one I Py" 
4 Both I Py’ 
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that the partition function is 
F,=12-*w"™"W?[— Aa"™"+ BB*"+-Cy""], (5) 
where 
B=[(n+11)/2—3(9?+46n+97)4], 
¥=L(n+11)/2+3(97?+-46n+97)!], 
wer" .« 
A= Hot) xze' J 
ras 23) 
ee 
(n+5) 
navies 
i. (7n+17) 
(n°+46n+97)'} (6) 


a=n-—1, 





=F(w+ py - 





+2(w+ »f1- 





TABLE III. 








on ~}(24+46¢+97)! ow 3 AH (e+46e+97)! 


& e«-1 





1 1 1 1 
2 2 2 2 
Dk 0 $[1—e—(e2+46¢+97)}) i(1—€) § [1—e+(2+-46¢+97)}] 
0 (1/18) [e2+22e+-49 — (4/3) (e+2) (1/18) [e2+22e+49 
+(e—1)(2+-46€+97)}] —(e—1)(2+46+97)}] 
HI ___ e428 P i __ et 23 
4 (2-4+-4664-97)! 4 (24466497) 











(n+ 23) 
(1°+46n+ ie 
(n-+5) 
(n?+-46n+ ~ 
[: (7n+17) 
(n?+46+97)? 


When 1 is a very large number the a and £6 terms 
become insignificant, and the free energy of the pure 


c=ott)| + 





+2041) H+ 





alcohol is (neglecting the difference between the Gibbs 


free energy G and the Helmholtz free energy @) 
G= @=—AT logF,= —nkT log(yw/12). 


However, in the free energy of the solution the a term 
is significant because quite small groups of alcohol 


molecules contribute appreciably to the partition 
function. 

The present treatment differs from the methods usual 
in the treatment of the Ising problem (see for example 
C. Domb’) in the fact that contributions from all the 
eigenvalues of the matrix (a+b) are considered. 


1C. Domb, Proc. Roy. Soc. (London) A196, 36 (1949). 
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4, THE PARTITION FUNCTION FOR A 
ONE-DIMENSIONAL SOLUTION 


Consider one particular arrangement of NV, alcohol 
molecules and Ns solvent molecules in which there are 
M; sets of i alcohol molecules and m; sets of 7 solvent 
molecules (i=1, 2---), sets of alcohol molecules alter- 
nating with sets of solvent molecules. Suppose also that 
there are sets of solvent molecules at each end of the 
chain, so that 


.(mi—M;) =i. 


By permutation of the sets in any one such arrange- 
ment it is possible to form a number of different 
arrangements equal to 


But the contribution of one arrangement to the par- 
tition function is 
TL(F,) ‘IL, (y@ 1). 


The total partition function may therefore be written 





F= —I(F:)"I(y)™, (7) 
LiMi=Na4 IM ;!Ilm;,! 
Limi=Nsg 
z(mi—Mi) =1 


The summation is carried out over all sets of values 
of M;, m; subject to the subsidiary requirements shown. 

In the calculation of the free energy the logarithm of 
the summation (7) may be replaced by the logarithm of 
its maximum term. The values of M;, m; which maxi- 
mize this expression may be determined by standard 
methods, using Stirling’s approximation together with 
undetermined multipliers \, u, v to include the sub- 
sidiary conditions. The results are 


logM ;=logQ+logF;—id+ », 
logm;=log(0+1)+logy*1—ip—», 


Q=2M;==m,—1. 


where 


For the free energy this gives 


G=@=-—AhT logF (8) 
= —kT(N4d+N gut+v—N, logi2). 


The quantities \, u, v, Q are determined by the 
equations 


O==M;, , (9a) 
O+1= =m, (9b) 
Na=2iM,, (9) 
Ns=2im,. (9d) 


Since Q is of the same order as V4 and W,, the ap- 
proximation Q=Q+1 can be made, and it is then pos 
sible to eliminate pu, v, and Q. Equations (9c) and (9d) 
then determine the mole fraction of the alcohol a ia 
terms of the remaining parameter X. If the free energy 
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of the pure components and the ideal free energy of 
mixing are subtracted from Eq. (8), the excess free 
energy of mixing can also be calculated in terms of this 
parameter. 

The results are 


G#=RT {xa log(yx/x4)+s loglo/(o+F)xs]}, (10a) 
n= (F'/o+F+F’), (10b) 
with the definitions 


s=we, 
F(x) = —Ax/(1—ax)+ Bx/(1—Bx)+Cx/(1—yzx), 
P(x) = 


—Ax/(1—ax)?+ Bx/(1— Bx)? (11) 


+Cx/(1—yx)*. 


Equations (10) with the definitions (11) give a satis- 
factory parametric representation of the excess free 
energy of mixing as a function of composition. 

The partial molar excess free energies of mixing are 


wa” =RT log(yx/x,), 
ps®=RT log[ o/(o+F)xs |. 
The excess entropy of mixing is found by temperature 
differentiation of the excess free energy of mixing (at 


constant composition). The results for the heat and 
excess entropy of mixing are 


HM=—RT*x4(y/y)+«s(6/c) 
—(¢+F")/(o+ F+F’)], 


(12) 


13 
TS,7=H,M—G,#. si 


In these formulas a dot denotes temperature differentia- 
tion, and the function F” is defined by Eq. (14). 


Ax+(Aa—Aa)x? Bx+ (BB—Bp)x? 
(1—ax)? (1— Bx)? 
Cx+ (Cy—Cy)x? 


(1 = yx)? 





P')= 


(14) 





5. RESULTS AND COMPARISON WITH EXPERIMENT 
FOR ONE-DIMENSIONAL THEORY 


The “end values” of the activity coefficients for the 
one-dimensional model are given by 


[ya ]easo=yo/(C+B—A), [ys]zs-0=e/C. 


The ratio of these quantities is, for large values of 7, 
dependent only on w, while the actual values depend 
also on » and o. If the approximation «1 (which intro- 
duces a maximum error of order 100 cals/mole into the 
calculated interaction energies) is made, extrapolated 
«perimental values of the activity coefficients may be 
used to determine 7 and w, and therefore the correspond- 
ing Interaction energies. Results obtained in this way 
ftom the data of Scatchard et al. for the systems carbon 


tetrachloride-methanol at 35°C? and benzene-methanol 
at 35°C* are summarized in Table IV. The values in the 
last column are in reasonable agreement with the value 
for the methanol hydrogen-bond strength of 4700+ 200 
cals/mole, obtained by Mecke and Nuckel‘ from spec- 
troscopic studies of methanol in carbon tetrachloride. 

The results shown in Figs. 2(a)—1(f) have been com- 
puted to show the general dependence on 7, w, and ¢ 
of the thermodynamic functions calculated for the one- 
dimensional array. The values of the parameters used 
and of the corresponding interaction energies are shown 
in Table V. The temperature throughout was taken 
as 35°C. 


6. THEORY FOR A THREE-DIMENSIONAL ARRAY 
OF MOLECULES 


In this treatment the molecules are supposed to be 
arranged on a three-dimensional lattice of coordination 
number z, and the hydrogen-bond interaction alone is 
considered, i.e., it is assumed that U44=U'ss=Uas 
= U 4s. For values of z other than 4 a slight modification 
of the underlying picture is necessary. An alcohol mole- 
cule has 12 possible orientations with respect to the 
lattice, and its H (or O) direction can take up 4 posi- 
tions. It is assumed that in each of these 4 positions the 


TABLE IV. 








—(U’aa —U aA) 


—(U’as —U as) 
cals/mole 


System w cals/mole n 





1261.9 4371 
972.2 4211 


13.33 1585 
11.15 1476 


Carbontet.-methanol, 
35°C 


Benzene-methanol, 
Fs 








H-direction is presented to one of the neighboring 
molecules. Thus there are 4 of the z nearest neighbors 
for which the energy of interaction with the central 
molecule may be either U’44 or U4, while for the 
remaining z—4 the interaction energy can only be U 44. 
This assumption will not in general be geometrically 
self-consistent but it must be remembered that the 
lattice picture of the liquid is itself an approximation 
and that z is strictly a mean coordination number. 

It is supposed that the solution contains (a) associ- 
ated chains of alcohol molecules (i.e., chains linked 
through out by H—O interactions), (b) unassociated 
chains of alcohol molecules (i.e., chains containing no 
H—O link), and (c) solvent molecules. In any given 
configuration the number of associated chains contain- 
ing k molecules is called N;,, while the number of un- 
associated chains containing k molecules is called m,. 

By using a result due to Guggenheim,® the number of 
configurations corresponding to a given set of values 


2 Scatchard, Wood, and Mochel, J. Am. Chem. Soc. 68, 1960 
(1946). 

3 See reference 2, p. 1957. 

4R. Mecke and H. Nuckel, Naturwiss. 31, 348 (1943). 

5 E. A. Guggenheim, Proc. Roy. Soc. (London) A183, 203 (1944). 
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Ni, m may be written 
g(Nx, Mx, Ns) 
L(ZqeN e+ Zqemet+N s)!]¥ 1p." 1p." 


= . 
[(2kNi+ Lkn,+Ns) ITN, [1 , IN s! ( 





In this expression p; is the number of configurational 
possibilities (including both lattice-configurational and 


orientational possibilities) available to an associated 
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the equation 
2qn= ke—2k+2. 


Using this together with the necessary equality 


DRNitZkn.=Na, (16) 
g(N i, 2%, N's) may be written 
{L(z—2)N.a/2+N st (2/2) 2Ni+ (2/2)Zmx ]!} #1 p.¥*T py” as) 





g(Ni, Nk, Ns)= 


[(Nat+Ns5) eI, In, !V s! 


The configurations corresponding to these values NV;, 
n, have the energy 


22(Nat+N s)U 4at+(U'44—Uaa)2(R-1)Ni 


[since Us4=U4g=U'as=Uss, and there are (k—1) 
H—O links in an associated chain of k molecules }. 
Their contribution to the partition function is there- 
fore 
12-"4(N,, Nk, N s)ud?\NAt NS) 9 2(k-D) Ne 


and the total partition function may be written ap- 
proximately 


F= > 


ZENE+ZKEnkK=NA 


12-"4g(N,, Nk Ns) 


XK ut NAtN 8) 2-17) 

The approximations involved in this are as follows: 
The number g(N;, ;., Ns) includes lattice configura- 
tions in which the H-end of one associated chain neigh- 
bors the O-end of another in such a way that a new 
associated link could be formed. A lattice configuration 
in which this occurred once would be given too large a 
weight in the ratio (y+9):(y+8). A similar situation 
occurs when an unassociated alcohol molecule neighbors 
either end of an associated chain. For large values of 7 
(i.e., for large hydrogen-bond strengths) these errors 
are not likely to be important. The possibility that the 
associated chains should form closed rings has also been 
neglected. 

The equilibrium values of Vx, m% are determined by 
maximizing the term under summation in (17), using 
Stirling’s approximation and an undetermined multi- 
plier \ for the subsidiary condition. The results are 











i k—1p—ky 
Ni=apen*®e™, 
n= appe™, 
TABLE V. 
—(U’Aa—Uaa) —(U’ag—Uas) —(UaatUgs—2U as) 
Figure n cal/mole w cal/mole o cal/mole 
(la) 2160.5 4700 1 0 1 0 
(1b) 2160.5 4700 1 0 0.4 —560.9 
(le) 2160.5 4700 1 0 0.1 —1409.5 
(1d) 2160.5 4700 10 1409.5 10 1409.5 
(le) 2160.5 4700 10 1409.5 1 0 
(1f) 2160.5 4700 100 2819.0 1 0 














in which the following abbreviation has been made: 
a=(s—2)Na/z+N 5+ (2/2)2Nit (2/z)Dn,. (19) 
With the values (18) the free energy is found to be 


G= @=—RhkT logF 
= —kT{[((2/2)—1) wVatN 5] loga+ AN 4 
—[(z/2)—1](Nat+N s) log(Nst+N ss) 
—Ns logNst+32(Nat+WN 5) logu 
—N4logi2}. (20) 


The quantities a and \ are determined by Eqs. (16) 
and (19). However, before these equations can be used 
it is necessary to carry out the summations, and this 
cannot be done until px, fx; are specified. 

For the associated chains an approximate result is 


p= (4X3**)(3X3), 


which is independent of the value of z, since an alcohol 
molecule has only 12 possible orientations. The first 
factor counts approximately the lattice configurations, 
while the second allows for the orientational freedom of 
the two end molecules. 

For the unassociated chains f; is 12, but jx(&>1) 
cannot be specified exactly. The number of lattice con- 
figurations is approximately [z(z—1)*-*/2’]. If the mole- 
cules lie on sites such that no H—O link between them 
is possible the number of orientational possibilities 1s 
12*. If, on the other hand, they lie on a sufficiently ex- 
tended group of sites which could accommodate an 
associated chain, the number of orientational possibili- 
ties can be shown from the results of Sec. 3 to be 


12.092 (10.424)*4—0,092 (0.576). 


Fortunately the actual values of f,(#>1) are nol 
critical, and a value between these extremes is satis 
factory. The following form is used: 


pi= 12, 
b= Pp—Qg'* (k>1), 


where P, Q, p, and q are to be chosen suitably. 

By using these results, the summations in Eqs. (16) 
and (19) may be evaluated, and these equations may 
then be used to determine N4/a, Ns/a and thence the 


chain of k molecules when one molecule lies on a speci- 
fied site while j; is the corresponding quantity for an 
unassociated chain. The quantities g, are defined by 
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mole fraction x4 in terms of d (or of x=e~). The excess 
free energy of mixing can then be calculated from the 
expression (20) by the usual methods. The results are 


¢2=RT[(2/2) loge(x)—x logy(x) 
—xa(z/2) logy(xo)+x4 logy(xo) |, 


va=L0¥(2)/ (x) J, 


where the functions ¥(x), o(x) are defined by 


(21) 


a, i 
(1—3n2? (1px)? (1—gx) 
(72/2)nx* | (2Ppx*/2) (2Qgx*/2) 
(1-3nx)* (1—px)? (gr)? 


and x9 is the value of x for which x4=1, and is deter- 
mined by 





¥(x)= —P-O+ 





xop (x0) = 9(xo). 


The heat (more strictly energy) content of the solu- 
tion is given by the equation 


H=E=—kT logn=(k—1)Ni—kT-32(Na+Nss) logu. 


The heat of mixing may be shown to be 


36x" 
aaaapl 0 
36nx? 
ee / ots) (22) 
7 


The excess entropy of mixing may then be calculated 
from the equation TS," =H,”“—G,*. 


H,“=RT ogy 


7. RESULTS AND COMPARISONS FOR 
THREE-DIMENSIONAL ARRAY 


The results shown in Fig. 3 were computed from Eq. 
(21). In both cases the value —(U’44—U,44)=4700 
cals/mole and the temperature 35°C were used. The 
values of P, p, Q, g used are set out below. 


(a) s=4 
P=z/2(z—1)X12.092= 8.06 
p= (s—1)X10.424=31.3 
Q=2/2(z—1)X0.092= 0.06 
q=(s—1)X0.576=1.7 

(b) s=10 


Slane p=(s—1)X10.5= 94.5 
=0, 


These values have very little effect on the calculated 
sults since the proportion of unassociated alcohol 
molecules is very low except at very low alcohol 
concentrations. ‘ 

It is interesting that a change in coordination number 
as large as that from s=4 to z= 10 does not give rise to 
4 large change in the values of the thermodynamic 
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Figs. 2(e) and 2(f) 


Fic. 2. Thermodynamic functions for one-dimensional array. In- 
sets show behavior for very low and very high mole fractions. 
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Fic. 3. Thermodynamic functions for three-dimensional array. 


functions. Other features of interest are (a) the excess 
entropy of mixing becomes positive only at very low 
alcohol concentrations (%4<0.001); (b) The excess 
entropy of mixing does not become positive at high 
alcohol concentrations; and (c) the heat of mixing 
curves shows considerable dissymmetry, the maximum 
being shifted to low alcohol concentrations. 

It is of interest to compare the present theory with 
other approaches to similar problems. Previous work has 
used either empirically assignable constants for the 
“entropy of association”® or empirical “equilibrium 
constants” for association.’** The most interesting work 
is that of Redlich and Kister.* In their treatment it was 
supposed that the association reactions (Xalcohol) 
+(alcohol)=((n+1)Xalcohol) all had the same equi- 
librium constant, being a function of temperature alone 
(repeatable step association). Thus they set 


N,*B,= K™(N1*B1)’, 


where J,* is the “true mole fraction” of r-mer and 8, is 
the activity coefficient of the r-mer species. With the 
further assumption 8,= 6," this was transformed to 


N,;* = K™"N,*". 


The constant K was assumed to depend only on the 
temperature. In terms of the present theory K can be 
calculated from the formula 


K= (N,*/N4**) 9, 
The result is (neglecting terms in px, gx) 


| [(72/z)— =] 
K=-1+ 
4 (1—3yx)? 





6 A. V. Tobolsky and P. J. Blatz, J. Chem. Phys. 13, 379 (1945). 
7P. J. Flory, J. Chem. Phys. 14, 49 (1946). 
8 QO. Redlich and A. T. Kister, J. Chem. Phys. 15, 849 (1947). 
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This is indeed independent of the number of units in 
the chain, but is dependent on composition unless z= 2, 
as Fig. 4 shows (calculated for z=10, »= 2160.5). It 
is scarcely probable that the approximations of the 
present theory have given rise to this concentration 
dependence. The results of the present theory therefore 
appear to cast doubt on the assumption of repeatable 
step association with a definite equilibrium constant. 


8. DISCUSSION 


The general behavior of the thermodynamic functions | 
for the one-dimensional array is illustrated well by | 
Figs. 2(a), 1(b), and 1(c) for which w= 1. It is interesting | 
that the introduction of a specific alcohol-solvent inter- | 


action makes little qualitative difference to the results 
until the interaction is quite strong (w greater than 
about 60) when the excess entropy of mixing curve be- 
gins to show a slight negative peak at very high alcohol 
concentrations (see Fig. 2(f)). 

The positive values of the excess entropy of mixing at 
high alcohol concentrations found for the one-dimen- 
sional array have no counterpart in the experimental 
results nor in the results for the three-dimensional 
array. They are therefore to be regarded as character- 
istic of the one-dimensional array alone. 

Figures 2(a) and 3 show that, for both one-dimen- 
sional and three-dimensional arrays when the hydrogen- 
bond interaction alone is effective, the breakdown of 


cooperative orientation in the solution leads to positive J 


values for the excess entropy of mixing only at very low 
alcohol concentrations. The larger positive values ex- 
tending to higher mole fractions which are observed for 
actual systems must therefore be connected with an 
enhanced alcohol-solvent interaction, whether specific 
(w>1) or nonspecific (w= 1, ¢<1). 

Figure 2(f) shows that, in the case of the one- 
dimensional array, a specific alcohol-solvent interaction 
of the type considered can lead to negative values for 
the heat of mixing at high alcohol concentrations. How- 
ever, because of the special characteristics of the one- 
dimensional array the excess free energy of mixing is 
also negative at high alcohol concentrations, contrary 
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Fic. 4. Equilibrium constant for “repeatable step” association. 
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to the experimental facts. The dissymmetry of the heat 
of mixing curve in Fig. 3 suggests that, in the three- 
dimensional case, even a nonspecific alcohol-solvent 
interaction could lead to negative values of the heat of 
mixing at high alcohol concentrations. 

These considerations indicate that a more general 
treatment of the three-dimensional array, in which the 
specific and nonspecific alcohol-solvent interactions are 
included, should reproduce all the qualitative features 
of the experimental results. It is also possible that the 
approximation of replacing the specific alcohol-solvent 
interaction by an averaged nonspecific interaction may 
not lead to serious error. If this more general problem 
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can be solved, the model set out in Sec. 2 should be 
adequate to provide a complete description of the ex- 
perimental results. A further examination of this prob- 
lem involving the use of the Bethe-quasichemical 
approximation method is in progress. 
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at bond angle 60°. 







INTRODUCTION 






HE best spd hybrid bond function! with maximum 
strength 3 is 







1 
4s+1/3'=—p,+15/3d,. 
3s+1/ a / 





Hultgren? has published that three best bond orbitals 
may be formed at mutual angles of 73°9’ and 133°37’, 
but these bond orbitals have not been adapted to actual 
nolecules. The trigonal pyramid bond orbitals which 
lave mutual angles of 73°9 and strength 3 will be 
ported here. When an angle between each direction 
f three equivalent bond orbitals is introduced as a 
parameter into these bond functions, the variation of 
‘tength of the bond orbitals of this type with varying 
the angle may be illustrated. It has been reported 
——. 


r- Pauling, J. Am. Chem. Soc. 53, 1367 (1931); see also 
ag Nature of the Chemical Bond (Cornell University Press, 
ca, New York, 1940). 


"R. Hultgren, Phys. Rev. 40, 891 (1932). 
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It has been reported that three best spd hybrid bond orbitals may be constructed at mutual angles of 
73°9’ and 133°37’, but these bond orbitals have not been adapted to actual molecules. We can obtain trigonal 
pyramid bond orbitals which have mutual angles of 73°9’ and strength 3. When an angle between the direc- 
tions of three equivalent bond orbitals is introduced as a parameter to these bond functions, variation of 
strength of these bond orbitals with the angle may be illustrated. These hybrid bond orbitals may be 
adapted to P, and Asy,. It is reported that P, and As, molecules have bond angle 60°, the four atoms lying 
at the tetrahedron corners and the bonds along the tetrahedron edges. Hultgren has applied pd hybrid bond 
orbitals to such a configuration. Assuming that the s orbital is used in hybridization, we can obtain stronger 
bond orbitals than that by pd hybridization. Such spd trigonal pyramid bond orbitals have strength 2.970 
(only slightly less than that of the best spd hybrid bond orbital) at bond angle 60°. It seems to be more 
probable that spd hybrid orbitals are used in the bond formation in P, and As, molecules; the unshared pair 
occupies the fourth hybrid orbital (containing all of the residual s parts) which has 76.5 percent s character 


that P, and As, molecules have bond angles 60°,* the 
four atoms lying at the tetrahedron corners and the 
bonds along the tetrahedron edges. It seems to be 
preferable that spd trigonal pyramid bond oribtals are 
used in the bond formation in these molecules. 


COMPUTATION 


Angular parts of the s, p, and d wave functions, normal- 
ized to 4m, are:! 
s=1, 
pz=3} sind cos¢, 
py=3} sind sing, 
pz=3' cosd, 
dzy= (15/4)? sin2? cos2 ¢, 
dz4y= (15/4)! sin*? sin2¢, 
d,,2= 15} sin@ cos sing, 
dy+2= 15! sind cosd cos¢, 
d,= (5/4)4(3 cos? —1), 


3 Maxwell, Hendricks, and.Mosley, J. Chem. Phys. 3, 699 


(1935). 
4H. J. Bernstein and J. Powling, J. Chem. Phys. 18, 1018 
(1950). 
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where # and ¢ are the angles used in polar coordinates. 
Differences in the radial parts of the wave functions 
are neglected and these angular parts are hybridized 
to give the desired structure. 

Let us start with spd hybrid orbitals for bond directed 
from a top atom to other corner atoms of a regular 
trigonal pyramid with C3, axis chosen as the 2g axis. 
Assuming that the first bond orbital lies x—z plane, 
we have 


y= as+ bp.+ chztddzy+edy,2+ faz. (1) 


By rotating y; around the z axis through angles of rota- 
tion of 120° and 240°, two other equivalent bond orbi- 
tals are easily obtained as follows: 


v2= as—}-bp.+33/2-bpyt+cp.—} -ddzy— 34/2 -ddz, 
—4 Cd yre+ 34/2 ‘ edz2+ faz, 

¥s=as—}-bp.—34/2-bpyt+cp.—} -ddzyt 33/2 -ddzy 
—}-edy,,—33/2-edii2+ faz. (3) 


The orthogonality and normalization conditions re- 
quire next two equations: 


(2) 


= 


Pus 


(4) 
(5) 


¥, has a maximum at g=0, and this condition is intro- 
duced into expressions for p,, dzy, and d,,,2. Then this 
is made a maximum by differentiating with respect 
to c,d, e, and f, and equating to zero. The expressions 
obtained are solved with (4) and (5). Thus we can ex- 
press ¥1, ¥2, and wz as follows: 


Vi=}-s+3{2(6—64)/5} 39. 
+3{(2+3.64) (6—6#)/10(7—2.64)}4p, 
44{(73—28-6!)/5(7—2.63) }4d,, 


¥2=$-s—3{ (6—64)/10}*#p.+ { (6—64)/30}#p, 
+3{(2+3-6%)(6—6%)/10(7—2-6#)}4p, 
—3{(7—2-64)/10}4d.,— {(7—2-64)/30} ¥daty 
—3{ (243-64) /10} tdys et {(2+3-64)/30} dese 
+3{(73—28-6)/5(7—2-64)}4d,, 


¥s=3-s—3{(6—6#)/10}#p,— { (6—64)/30}#p, 
+4{(2+3-64)(6—6)/10(7—2-64)}4p, 
—3{(7—2-64)/10}#d.2y+{(7—2-64)/30}4d24, 
—${(2+3-64)/10}4d,, .— {(2+3-6#)/30} 4.4. 
+4{(73—28-63)/5(7—2-68)}4d,. (8) 


These hybrid bond orbitals give an equivalent set of 
trigonal pyramid bond orbitals and have strength 3 
at #=43°29’, mutual angle 73°9’. Such a trigonal 
pyramid arrangement may be constructed by hy- 
bridization of 3s, 1p, and 5/3d orbitals. 

Next, generalized bond orbitals on this type are 
considered. The relation between #, y (angles used in 
polar coordinates), and a (an angle between the direc- 


mp i, 
—P?—e’, 


coleo Gol 


(6) 


(7) 
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tion of the bond orbitals) by spherical trigonometry js 


sin’ = 2(1—cosa)/3, (9) 


where g= 120° is used. 
By use of (9) a set of trigonal pyramid bond orbitals 
is represented as functions of a parameter a as follows: 


¥i={1/3(2+2 cosa+5 cos’a)}4s+ {4/3(7+5 cosa)}p, 
+ {(1+2 cosa)/3(2+2 cosa+5 cos’a)}4p, 
+ {10(1—cosa)/9(7+5 cosa) }#dzy 
+ {20(1+2 cosa)/9(7+5 cosa) }#dy+z 
+ {5 cos’a/3(2+2 cosa+5 cos’a)}*d., (10) 


W2= {1/3(2+2 cosa+5 cos*a)}#s— {1/3(7+5 cosa)}}p, 
+{1/(7+5 cosa)}*py+ {(1+2 cosa)/3(2+2 cosa 
+5 cos’a)}#p,—{5(1—cosa)/18(7+5 cosa) }*d_, 
— {5(1—cosa)/6(7+5 cosa)}3dr4, 

— {5(1+2 cosa) /9(7+5 cosa)}#dy,, 
+{5(1+2 cosa)/3(7+5 cosa) }4d,+, 
+ {5 cos’a/3(2+2 cosa+5 cos’a)}#d., (11) 


¥3= {1/3(2+2 cosa+5 cos’a)}4s— {1/3(7+5 cosa)}}p, 
—{1/(7+5 cosa)}*py+{(1+2 cosa) /3(2+2 cosa 
+5 cos’a)}#p.—{5(1—cosa)/18(7+5 cosa) } 4d. 
+{5(1—cosa)/6(7+5 cosa) }¥d2+y 
—{5(1+2 cosa)/9(7+5 cosa) }4dy4. 
— {5(1+2 cosa)/3(7+5 cosa)}4dz, 
+ {5 cos’a/3(2+2 cosa+5 cos’a)}id,. (12) 


The fourth orthogonal function is constructed in the 
direction of z axis (C3, axis of trigonal pyramid), con- 
taining all of the residual s parts, being given by the 
equation 
Yi={(1+2 cosa+5 cos’a)/(2+2 cosa+5 cos*a)}%s 
—{(1+2 cosa)/(1+2 cosa+5 cos*a)(2+2 cosa 
+5 cos’a)}#p,—{5 cos*a/(1+2 cosa 
+5 cos’a)(2+2 cosa+5 cos’a)}id;. (13) 


Other five orthogonal functions are set up as follows: 


Ws= {10(1+2 cosa) /(7+5 cosa)(11—5 cosa) }*p. 
—{10(1+2 cosa)/(7+5 cosa)(11—5 cosa)}'p, 
+ {25(1—cosa)(1+2 cosa)/3(7+5 cosa) 
X (11—5 cosa) }#d2y+ {25(1—cosa) 
X (1+2 cosa)/3(7+5 cosa)(11—5 cosa)}*d2+y 
—{(11—5 cosa)/6(7+5 cosa)}#dy,. 
+{(11—5 cosa)/6(7+5 cosa)}4dz+2, (14) 


ve= —{10(1+2 cose)/(7+5 cosax)(11—5 cosa) }*pz 
—{10(1+2 cose)/(7+5 cosa)(11—5 cosa)}*p, 
— {25(1—cosa)(1+2 cosa)/3(7+5 cosa) 
X (11—5 cose) }4d.y+ {25(1—cosa) 
X (1+2 cosa) /3(7+5 cosa)(11—5 cosa)}#dz+y 
+{(11—5 cosa)/6(7+5 cosa)}4#d,,. 
+{(11—5 cosa) /6(7+5 cosa) }#ds+2, (15) 
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n= {5(1—cosa)/2(11—5 cosa)}#p.— {5(1—cosa)/ 
2(11—5 cosa) }#p,— {3/(11—5 cosa) }#d.y 
— {3/(11—5 cosa) }4d24,, 


= {5(1—cosa)/2(11—5 cosa)}#p.+ {5(1—cosa)/ 
2(11—5 cosa)}#p,— {3/(11—5 cosa) }4dzy 
+{3/(11—S cosa) }4ds+y, 


Jy={5 cos’a/(1+2 cosa+5 cos*a)}#p, 
—{(1+2 cosa)/(1+2 cosa+5 cos’a)}id,. (18) 


The strength of three equivalent bond orbitals for 
various values of the parameter a is illustrated in Fig. 1. 
The coefficients of the equivalent bond orbitals become 
imaginary in the region a> 120°. The strongest trigonal 
pyramid bond orbitals occur at a=73°9’. These equiva- 
lent three-bond orbitals have the minimum strength 
1965 at a=101°32’, and the strength is nearly equal 
tomaximum value 3 in the region a=50°~120°. 


(16) 


(17) 


DISCUSSION 


In the region of angles smaller than 90° sp hybrid bond 
orbitals are not set up, and we cannot interpret the 
bond angle 60° in P, and As, molecules by them. 

Since the ground state of the phosphorous atom corre- 
sponds to a configuration 3s°3p*, Hultgren? assumes 
that three electrons in the 3% orbitals are used in the 
bond formation, two 3s electrons are independent of it; 
so he considers the fd hybridization. 

Three equivalent pd hybrid bond orbitals are con- 
structed at bond angles 65°44’ and 144°12’ with 
strength 2.828, but bonds may be hindered from their 
tendency to form in the direction of the maximum of 
the bond functions by steric factors, and the bond 
functions rearrange themselves so as to give a maxi- 
mum strength in the new direction. Thus he adapts 
fd hybrid bond functions with strength 2.825 at 64°02’ 
(with strength 2.819 at bond angle 60°). The pd 
hybrid bond functions, having maximum value in the 
direction of bond angle 60°, are only of strength 2.775. 

By the aforementioned method we can obtain the 
pd hybrid bond functions, having the maximum value 
2970 (nearly equal to 3) in the directions of bond angles 
00°, as follows: 


b= (4/51)4s-+ (8/57)*p.+ (8/51)4p,+ (10/171) 4dey 
+ (80/1 7 1) Myst (5/51)4d., 
a= (4/51)4s— (2/57) *ps + (2/19)*py+ (8/51). 
— (5/342) 4day— (5/114) #dz44— (20/171) dye 
+ (20/57) Mdiizt (5/5 1)#d,, 


v= (4/51)4s— (2/57)*p,—(2/19)*p,+ (8/51)*p- 
— (5/342) *dzy+ (5/114) #d.4—(20/171)4dy,2 
— (20/57) 8daye+ (5/51)4dz. 


AND As, 
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Fic. 1. Trigonal pyramid bond orbitals. Plot of the 
strength against the parameter a. 


By the tendency to keep an unshared pair of P or As 
atom in the s orbital which is more stable than the p 
or d orbitals, the fourth orbital y, directed in C3, axis 
of trigonal pyramid is required to contain all of the 
residual s parts. Thus we can obtain y, as follows: 


Ws=(12/17)4s— (32/221)4,— (20/221)!d,, 


which is composed of 76.5 percent of the s orbital. 

The ground state of phosphorous atom is 4S state 
corresponding to a configuration 3s°3p*, and the excited 
state ‘P, corresponding to a structure 3s3p* is 169.3 
kcal/mole’ above the ground state; the 4D state cor- 
responding 3s°3p73d is 200.9 kcal/mole® above. 

If pd hybridization with promotion of # electrons to 
d orbitals is expected, spd hybridization also will occur 
easily, since the spd trigonal pyramid bond orbitals 
(obtained here, with strength 2.970) are stronger than 
the pd hybrid bond orbitals (with strength 2.775), 
and the fourth hybrid orbitals occupied by the unshared 
pair may be constructed by using a most part of the s 
orbital. Hultgren? considers the bond to be formed in 
the direction different from that of the maximum 
strength of bond functions (with strength 2.825), and 
it is not consistent with the hypothesis of a discussion 
of this kind. Thus spd hybrid bond orbitals are prob- 
ably used in the bond formation in P, and As, molecules. 


5C. E. Moore, Atomic Energy Levels (Circular of the Natl. 
Bur. Standards 467), Vol. 1 (1949). Only quartets are used here 
for the trivalent bond formation, and the values are converted 
from cm to kcal/mole by the author. 
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Microwave Spectra of CHBr; in the Region from 11 to 12.5 Centimeters 


SHojt Koymta, Kineo TsuKaDA, AND SHIGEO Haciwara, Physics Department, Tokyo University of Education, Tokyo, Japan 
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The spectrum of rotational transition J=0—1 of bromoform has been estimated to lie in a 10-cm region. 
In this region, however, the spectroscopy has not yet been studied because of small absorption. Some of the 
present authors (S. K., K. T., and S. H.) had examined its detectability by the preliminary experiment with 
a cavity spectrometer. In the present paper more precise measurement using an absorption cell of 9 meters 
in length and its analysis by means of the theory proposed by some of the authors (M. M. and T. I.) are 
described. Thirty-two lines due to the hyperfine structure of the rotational transition were measured in the 
region from 2400 to 2660 mc/sec. The width of line was smaller than 2 mc/sec at 3 mmHg. The theory 
agreed well with the experiment. The value of the moment of inertia obtained here agrees with the result 
of electron diffraction, and this moment seems not to change appreciably by a low frequency deformation 
vibration. The quadrupole coupling constant of Br nucleus is nearly equal to that of CH;Br molecule. 





I, INTRODUCTION 


HE spectrum of rotational transition J=0—1 of 
bromoform was estimated to lie in a 10-cm region,! 
but the spectroscopy in this region has been little 
known. Bromoform CHBr; is a symmetric top mole- 
cule in which three corner atoms have nuclear quadru- 
pole moments. The hyperfine structure of such a mole- 
cule has not yet been experimentally observed, although 
the theory was proposed by some of the present au- 
thors.2 Recently, Williams and Gordy* studied the 
14th, 15th, and 16th rotational spectra of this molecule. 
However, they did not resolve it to hyperfine structure 
because of the complication due to the highness of the 
rotational quantum number. The present paper de- 
‘scribes the measurement of the hyperfine structure in 
the rotational transition and the analysis of it. 
Since* the” absorption coefficient of gases is theo- 
retically expected to be very small in our region, being 
proportional to*the inverse second power of wave- 








9567 9572 Mc 


Fic. 1. Oscilloscope traces and absorption line. The dotted line 
indicates the trace when bromoform was admitted and the full 
line indicates the background which was disturbed by the ghost. 
The absorption line was obtained as the difference between them. 


1M. Kotani, Kagaku 19, 482 (1949). 

2M. Mizushima and T. Ito, J. Chem. Phys. 19, 739 (1951), 
hereafter called A. 

3Q. Williams and W. Gordy, Phys. Rev. 79, 225 (1950). 
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length, we had examined the possibility of the observa- 
tion in the preliminary experiment with a cavity spec- 
trometer. As the source of the wave a klystron oscillator 
was employed with sweeping frequency of 1 kc/sec. 
Absorbing gas was admitted to a cylindrical cavity 
which had the diameter of 8 cm and the length variable 
from 30 cm to 45 cm. The resonance of the cavity was 
detected by a crystal video receiver. In this experiment 
11 lines were observed at 3 mmHg, and the width of 
the lines was about 3 mc/sec.* 

From that experiment the absorption coefficient of 
the gas was estimated to be about 4-10-* cm™ using 
the following formula: 


a=(AP/P)(x/QA), (1) 


where P is the input power, AP is its change due to gas, 
and ) is the wavelength in free space. Theoretically this 
value of the absorption coefficient in J, K, F—J+1, 
K, F’ transition is given by 


a= (8n*Nv2/3ckT Av) (exp(— E/kT)/0) 
X(© XV, K, F, M|u|J+1, K, F’,M’)|*), @) 


M M’ 
where NV is the number of molecules in unit volume, 
Av is the half-width parameter of the line, E£ is the 
energy of the initial state, Q is the partition function, 
and (|u|) is the matrix element of the dipole moment. 
In our case of 0—1 transition one must sum a over 
F, since the ground state has no separation due to the 
quadrupole moment of nuclei, thus 


XXL! (0, 0, F, M|u|1, 0, F’, M’)|? 
F M M’ 

=p?(2F’+1)/3. (3) 
As we shall see in a later section each observed line 
seems to be composed of some lines, so that we must 


sum a over these lines. Since from column five of Table 
II we see >. (2F’+1) ~ 20 for the line of middle intensity, 


4 Kojima, Tsukada, and Hagiwara, Science of Light 1, 46 (1951): 
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Fic. 2. Hyperfine structure of rotational transition J=0—1 of CHBrs. 


we obtain a~2-10-§ cm with Av=1 mc/sec and 
y=1-10-18,5 


I. APPARATUS AND EXPERIMENTAL PROCEDURE 


The absorption cell used was made of three sections 
of copper circular cylinders of the diameter 9.1 cm. 
The total length of the cell was 9 meters. The source of 
radiation was a reflex klystron of 707B type. The fre- 
quency sweep method with a crystal video amplifier 
was used for the detecting device. Since in the square 
law region the voltage Va, which is detected by the 
crystal, is proportional to the input power P, then 


AP/P=AVi/Va. (4) 


If the usual criterion for the detectability is applied, 
AV, must be equated to the noise voltage 


AV a=(4kTORAS)}, (5) 


where @ is the noise temperature ratio of the loaded 
crystals, R is the total resistance of the crystals, and 
Af is the effective band width of the receiver. Thus the 
absorption coefficient corresponding to this noise in 
free space is 


satis (AP/P1)(A/Xg) 
=)(4kTORAS)?/(V adgl exp(—a_)), (6) 


I being the length of the cell, \ the wavelength in free 
space, \, the wavelength in the wave guide, and a, the 
attenuation coefficient of the cell. Assuming #=10, 
1=9-10? cm, R=5-10°Q, Va=3.2-10V, Af=10' c/sec, 
and a,=10-5 cm, we obtain the absorption coeffi- 
cient corresponding to the noise a= 6.3- 10-8 cm. 

By the electronic tuning the frequency of the klystron 
could not cover more than 20 mc/sec at 2500 mc/sec, 
and the contour of the mode showed a semicircular 
curve. In order to eliminate the contour the method of 
the double-crystal balancing’ was adopted. To cover 
the region between 2400 and 2700 mc/sec the klystron 
Was equipped with a tunable wave-guide resonator.’ 
Le 

‘L. G. Wesson, Table of Electric Dipole Moments (M.I.T. 

Press, Cambridge, 1948), p. 12. 


; . Gordy, Revs. Modern Phys. 20, 668 (1948). 
W. W. Harman, Proc. Inst. Radio Engrs. 38, 671 (1950). 


The frequency sweep was carried out at 1 kc/sec 
with a saw tooth wave generator. The video amplifier 
was so made as to work in the range of frequency from 
600 to 10,000 c/sec with a gain of about 130 db. 

One of the most difficult points in our experiment 
was the echoes from the glass windows of the cell. 
In order to reduce the effect two methods were adopted. 
One was to place a glass plate in front of the window at 
such a distance that the reflected waves were canceled 
by the effect of interference. The other was to replace 
the plane glass windows with cone type windows, 
whose height was more than one wavelength. Better 
results were obtained by the latter method, and the 
following experiments have been performed with the 
cone glass windows. 

Using such windows still some ghosts remained. 
They were minimized by matching stabs set in the 
tapered wave guides, which connect the absorption 
cell with the oscillator or the detecting system. The 
ghost, however, could not be reduced to be less than 
the absorption lines. As shown in Fig. 1, the former 
was more prominent and more sharp than the latter. 
The limit of the observation in our case will not be 
improved even if a superheterodyne receiver is used, 
since the elimination of the ghost is essential. 

The matching of the input impedance for the bal- 
anced crystals was carefully adjusted, and good match- 
ing could be obtained in the region of 10 or 20 mc/sec. 
At the measurements the range of the sweep was taken 
about 10 mc/sec. The absorption lines were observed 
as the difference between the traces of oscilloscope 
with and without the gas of bromoform. An example 
is shown in Fig. 1. The gas was admitted to the cell and 
pumped out for each measurement. 

The frequency was measured by a heterodyne wave 
meter. The principle of it is as follows: The frequency 
of the klystron was compared with the 8th higher har- 
monics of the oscillator of the region of 300 mc/sec, 
which was again compared with the higher harmonics 
between 59th and 67th of the crystal oscillator of 
5 mc/sec. The crystal oscillator was calibrated using 
the standard wave from the broadcasting station. In 
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TABLE I. Theoretical and experimental data. 








Frequencies (mc) Intensity 
2F+1*% Species> Theoret. Exp.°¢ Dif. Theoret. Exp. 


Frequencies (mc) Intensity 
2F +15 Species> Theoret. Exp.¢ Dif. Theoret. Exp, 
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® F is the quantum number of the total angular momentum of each upper state. 
bi: HCBrl3, 2: HCBr%2Br79, 3: HCBr®!Br7%, 4: HCBr?%, vib: vibrating state. 


¢b: broad, s: sharp. 


order to determine more precisely, the wave of 1 mc/sec 
from another oscillator, which was calibrated by the 
standard wave, was superposed on that from the crystal 
oscillator. This wave meter could afford an accuracy 
of 0.5 mc/sec. A cavity wave meter was auxiliary used 
for the frequency marker or rough measurements. 


Ill. RESULTS OF MEASUREMENTS 


The absorption spectrum of bromoform was searched 
for in the region between 2400 and 2660 mc/sec at the 
pressure of 3 mmHg, and 32 lines were observed. The 
spectrum is shown in Fig. 2 and Table I with the theo 
retical results. 
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MICROWAVE SPECTRA OF 


Since one sweep covered only 10 mc/sec and con- 
tained at most one or two lines, many measurements 
were needed. The most lines were measured by two or 
three independent experiments where the backgrounds 
were changed. The lines of the spectrum had the width 
of about 2 mc/sec, except those denoted by 6 or s in 
Fig. 2. Each line, however, seems to be composed of 
two or more lines, so the line width may be smaller 
than 2 mc/sec. A temporary experiment by increasing 
pressure up to 15 mmHg showed that the line had the 
character of saturation and pressure broadening. 

The absorption coefficient of the line of middle in- 
tensity was estimated as 1-10~7 cm™ from the sensi- 
tivity of the apparatus. The coefficient was also calcu- 
lated by the aid of the calibrated attenuator. The re- 
sult was 6-10-8 cm. These values are larger than the 
theoretical one, but the ambiguity in the values of 
Av, w may explain the discrepancy. 


IV. ROTATIONAL SPECTRA IN GROUND STATE 


In our experiment it was not attempted to separate 
two isotopes Br®! and Br’*, so we obtained super- 
posed spectra of four species of molecules HCBr*'s, 
HCBr*.Br7*, HCBr®Br7%., and HCBr”3. Of these four 
species the first and the last have the type we have 
treated in A, and our theoretical results there published 
can be applied directly. For the other two our theory 
needs to be slightly modified. 

Since both Br*! and Br”? have spin 3, the group 
theoretical feature of each state, the number of spectral 
lines, and the theoretical pattern of J=0—1 spectra 
for HCBr®'3 and HCBr7*; are shown in Figs. 2 and 
3(b) of A. In the case of HCBr*!,Br7® and HCBr®Br7*, 
the permutation group to be considered is G2 instead 
of G3, and the representations of the latter are related 
to those of the former as A;>A,, A2>A2, and EA, 
+A». Thus applying Pauli’s principle, we obtain Fig. 3 
for these molecules, corresponding to Fig. 2 of A. 

V. SPECTRA OF VIBRATING MOLECULES 


Bromoform has a degenerate vibration of very low 
frequency (154 cm7),8 and the Boltzmann factor of the 
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Fic. 4. Energy levels of vibrating HCBr*; and HCBr’®;. 
(Degenerate vibration.) 





state in which this vibration is excited being large, the 
rotational spectra of the vibrating molecule must be 
taken into account. 

In the case of HCBr*'!; and HCBr”; the vibrational 
wave function of this excited state is a representation 
E of the permutation group @s3, thus it is concluded 
that only those nuclear spin functions which belong to 
E representation are allowed for this state. We obtain 
Fig. 4 for this vibrating state, corresponding to Fig. 2 
of A, which is applied to the vibrationally ground state 
or A, vibrational state. The hyperfine structure of 
higher vibrational states can be obtained if we know 
the symmetry properties of them,® but they give no 
other pattern than considered above. In the case of 
HCBr*,Br” and HCBr*Br7, these vibrations bring 
nothing new. 

The change of moment of inertia by this vibration 
may be assumed to be small, since it is a deformation 
vibration in which the heavy part Brs moves as a 
whole. If this assumption is valid, the hyperfine lines 
of the same kind with different vibrational states over- 
lap on each others.* 

The degenerate vibration has a vibrational angular 
momentum along the molecular axis, which makes each 
rotational state split except for K=O states. In this 
case K+ ¢ is quantized instead of K and is substituted 
for K in formula (8) of A; thus the quadrupole coupling 
constant (d°V/dZ*),; is the same for this vibrating state 
as in the ground state, if 6’ and 0°V/da? do not change, 
which seems to be the case. 


VI. INTENSITY OF LINES 


As we saw in the preceding section, the hyperfine 
lines of HCBr*; and HCBr”; due to the ground state 
and vibrating state are of a different kind and do not 
overlap, while in HCBr*,Br7? and HCBr*Br7, they 
overlap on each other; thus the intensity of the latter 


* For the symmetry properties of higher vibrational states see, 
for example, D. M. Dennison, Revs. Modern Phys. 3, 280 (1931). 

*Sharbaugh, Pritchard, and Madison observed no splitting 
caused by vibration in the microwave spectra of CF;Br for 
which those lines due to vibrating molecules are expected to have 
appreciable intensity [Sharbaugh, Pritchard, and Madison, Phys. 
Rev. 77, 302 (1950) ]. 
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must be about twice that of the former. A detailed 
calculation including higher vibrational states confirmed 
this conclusion. 

Natural bromine is a mixture of nearly equal amounts 
of Br*! and Br’®. Thus the ratio of the number of mole- 
cules HCBr*'3, HCBr®,Br79, HCBr®!Br7o, and HCBr’®; 
will be 1:3:3:1 if these molecules are synthetized 
under the usual conditions, while the number of states 
calculated from Table I of A is also near to 1:3:3:1 
for these molecules; thus each state is equally popu- 
lated.t 

As was written in A, the intensity has also a factor 
proportional to 2F+1 due to the space degeneracy, 
where F is the quantum number of the total angular 
momentum of each upper state. 


VII. CALCULATION OF ENERGY 


Hyperfine structure of XYZ; molecule in its vibra- 
tionally ground state was calculated in Fig. 5(b) of A 


TABLE II. Ratio of the quadrupole coupling constants 
of Br7® and Br*® nuclei. 











Molecules (eQq) 79 (eQq) 81 Ratio 
573 485 1.1818 
CH;Br 577.0 482.0 1.197» 
670 567 1.181° 
720 556 1.2954 
BrCN 686 573 1.197 
686.5 3735 1-197! 
618.4 517.3 1.195« 
CF;Br 624.5 514.7 1.213« 
SiH;Br 336 278 1.208% 
GeH,Br 380 321 1.184% 
BrF 1089.0 909.2 1.1973 
BrCl 876.8 732.9 1.197 








® Gordy, Simmons, and Smith, Phys. Rev. 72, 344 (1947). 

b Gordy, Simmons, and Smith, Phys. Rev. 74, 243 (1948). 

¢ Gordy, Smith, and Simmons, Phys. Rev. 72, 249 (1947). 

4 Townes, Holden, Bardeen, and Merritt, Phys. Rev. 71, 644 (1947). 
e Smith, Ring, Smith, and Gordy, Phys. Rev. 74, 370 (1948). 

f Townes, Holden, Bardeen, and Merritt, Phys. Rev. 74, 1113 (1948). 
& Sharbaugh, Pritchard, and Madison, Phys. Rev. 77, 302 (1950). 

h Sharbaugh, Bragg, Madison, and Thomas, Phys. Rev. 76, 1419 (1949). 
i Sharbaugh, Pritchard, and Thomas, Phys. Rev. 79, 189 (1950). 

i Smith, Tidwell, and Williams, Phys. Rev. 77, 420 (1950). 

k Smith, Tidwell, and Williams, Phys. Rev. 79, 1007 (1950). 


and that of the vibrating state can be calculated in 
the same, way. 

A secular equation for HCBr*®.Br7? and HCBr®'Br’®, 
can be obtained using the same spin functions as 
above. But in this case the ratio of (d°?V/dZ*), for two 
isotopes is necessary to be determined before we can 
solve the secular equation numerically. This ratio is, 
the electron distribution being common, the same as the 
ratio of Q of two isotopes, thus expected to be common 
to all compounds. The experimental values so far ob- 


t If two isotopes of Br are distributed statistically, each ground 
state of four species of molecule must have equal population since 
they have the same energy: But the exchange of nuclei between 
molecules takes so long time that usually the distribution is deter- 
mined by the condition under which they are synthetized, thus 
the population does not always obey the statistical law. But 
fortunately our case is very simple. 





KOJIMA, TSUKADA, HAGIWARA, MIZUSHIMA, AND ITO 


TABLE III. Adjustable constants adopted. 











Molecules 2Bo(mc) Io (10- cgs) Nuclei eQq* (me) 
HCBr®; 2499 671 
Br® 489 
HCBr*,.Br79 2520 666 
HCBr®™Br’?, 2541 660 
Br” 577 
HCBr’, 2562 655 








® In calculating eQg from eQ(a?V /aZ?) 7, 6’( ZH —C —Br) is assumed to 
be 108° according to the result of electron diffraction. 


tained are cited in Table II from which we adopted the 
ratio 1.197 as the most reliable value. 


VIII. COMPARISON WITH EXPERIMENT 


Table I and Fig. 2 include all the lines calculated 
theoretically. In this table it is assumed that the mo- 
ment of inertia and quadrupole coupling constant do 
not change with vibration (especially 154 cm™ vibra- 
tion), and the second-order perturbations are entirely 
neglected. Adjustable constants adopted are shown in 
Table III. 

Agreement between theory and experiment is good, 
but there remain some ambiguous points. Two rather 
strong lines theoretically expected are not observed in 
experiment, the reason of which is not clear. Five broad 
lines experimentally observed just -correspond to those 
theoretical lines each of which is composed of some lines 
of very near frequencies, but two observed lines de- 
noted “sharp” have no theoretical reason to be so. 
Rather large disagreement between theory and experi- 
ment is seen in the 2500-mc region, where our assign- 
ment in Table II is only tentative. 

The structure of this molecule has been investigated 
by electron diffraction, result of which is 7 Br—C—Br 
= 111° and C—Br=1.91A. Our result can be explained 
if only Z Br—C—Br is 0.8° smaller or C—Br is 0.009A 
shorter. The length of the C—H bond has no appreci- 
able effect, since Br is much heavier than H. 

Williams and Gordy* measured the rotational (14th, 
15th, and 16th) spectra of bromoform. Their values of 
Ip were 672.5-10-° and 689.4:10— for HCBr”; and 
HCBr*!;, respectively, which are larger than our values. 
It may be due to the effect of centrifugal force.t 

The quadrupole coupling constant obtained here 
agrees very well with the value for BrCH; but it is 
smaller than that for BrCF;. This result may be ex- 
plained by the very large electronegativity of F atom.” 

The authors wish to thank Professors Kotani and 
Fujioka for their deep interest and kind suggestions. 


¢ However, the theoretical estimation of the effect of centrifugal 


force on the assumption of harmonic potential yields only about 
a tenth of the discrepancy here observed. It should be noted, 18 
connection with this, that the discrepancies of the same order 0 
magnitude between theory and experiment were observed for 
CH;Cl, CH;Br, and CH;I molecules [J. W. Simmons and W. E 
Anderson, Phys. Rev. 80, 338 (1950) ]. Perhaps, the anharmonicity 
in the intramolecular potential may serve to explain this. 

10 C, H. Townes and B. P. Dailey, J. Chem. Phys. 17, 782 (194%): 
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Purification of Hydrocarbons for Use as Solvents 
in Far Ultraviolet Spectroscopy 


W. J. Ports, Jr.* 
Department of Chemistry, University of Chicago, Chicago, Illinois 


(Received February 14, 1952) 


The ultraviolet transmission of four hydrocarbons, n-heptane, isopentane, 3-methylpentane, and methyl- 
cyclohexane, are shown at various stages of purification. The particular advantages of each as a solvent 
in far ultraviolet spectroscopy is discussed with emphasis on the remarkable transmission of isopentane 


when purified. 





OR the farther ultraviolet region of solution spec- 
troscopy (below 2200A), there are at present three 
casses of practical solvents. (1) Water with transmis- 
sion to about 1800A in thin cells' is not generally appli- 
cable for organic molecules because of insolubility. 
(2) Certain fluorocarbons, in which most organic mole- 
cules have very low solubility, have shown transmission 
toas far as 1565A in a thin cell after careful and re- 
peated purification.” (3) Certain paraffin hydrocarbons 
show good transmission properties when purified, which 
can be done without great difficulty ; they dissolve most 
organic compounds to a sufficient extent for use in this 
spectral region, where molar extinction coefficients are 
generally high. Other solvents all show high extinction 
coeficients in this region. ** The purpose of this paper 
isto point out the remarkable transmission in thick cells 
of isopentane, one such hydrocarbon studied, and also 
tomention its value as one of the components of a rigid 
glass at 77°K. 

Four hydrocarbons, -heptane, isopentane, 3-methy] 
pentane, and methylcyclohexane, were examined for 
their transmission at various stages of purification. The 
heptane was obtained from Westvaco Chemical 
Company ; the other three are Phillips Petroleum Com- 
pany “pure” grade hydrocarbons. In Fig. 1, the data 
above 2100A was obtained with a Beckman mode DU 
quartz spectrophotometer, using 1-cm silica cells with 
water redistilled from K MnO, as a blank.® Below 2100A 
the data was obtained with a Cario-Schmitt-Ott vac- 
uum fluorite spectrograph,® using a liquid path length 
of 1 cm with a path of 0.13 mm as a blank; the re- 
sulting plates were traced on a Leeds and Northrup 
tecording densitometer, and readings were converted 
'0 percent transmission.’ The error is within 5 trans- 


‘SSRiienececne 


* AEC Predoctoral Fellow, University of Chicago. 
tnt) B. Klevens and J. R. Platt, J. Am. Chem. Soc. 69, 3055 
*H. B. Klevens and J. R. Platt, J. Chem. Phys. 16, 1168 (1948). 
HL Sponer and E. Teller, Revs. Modern Phys. 13, 76 (1941). 
- Platt, Rusoff, and Klevens, J. Chem. Phys. 12, 535 (1943). 
Technique described by Maclean, Jencks, and Acree, J. Re- 
‘arch Natl. Bur. Standards 34, 271 (1945). The data in their 
paper on n-heptane and methylcyclohexane above 2100A is in 
substantial agreement with the present paper. 
Kindly loaned to us by the Physics Department of the Uni- 
versity of Michigan. 
, Technique described by L. E. Jacobs and J. R. Platt, J. Chem. 
hys. 16, 1137 (1948). 


mission percent throughout the curves. The purifica- 
tion procedure for each hydrocarbon was the same. 

Curve No. 1 in each part of Fig. 1 shows the trans- 
mission of the untreated hydrocarbon. 

Curve No. 2 gives the transmission after vigorously 
stirring with cp H:SO, for four hours, then washing 
twice with distilled water, and drying over anhydrous 
CaSO,. Longer or repeated treatment with H,SO, was 
found to have no further effect. 

Curve No. 3 gives the transmission after passing the 
hydrocarbon through a silica gel column 18 in. long and 
1 in. in diameter, employing Davidson No. 200 mesh 
silica gel. The column is water-jacketed to absorb the 
heat of surface adsorption and prevent boiling of the 
more volatile hydrocarbons. Treatment with silica gel 
was found to have a lessened effect unless the gel and 
the hydrocarbon were absolutely dry. Hence it is neces- 
sary to activate the silica gel in its own glass column 
by heating it at 350°C for 12 hours in a furnace and 
cooling it in a moisture-free atmosphere. The hydro- 
carbon is then refluxed with sodium wire for one hour 
to remove the last traces of water and then distilled 
from fresh sodium wire through a Podbielniak Column 
of 40 theoretical plates directly into the silica gel col- 
umn; that is, the silica gel column is attached to the 
head of the fractionating column with ground glass 
joints, the only vent to the air being a CaCl, tube. If 
these precautions are not taken, the effectiveness of the 
silica gel treatment, particularly in the case of iso- 
pentane, is greatly reduced. 

Curve No. 4 shows transmission after a repetition 
of the silica gel treatment, omitting the one-hour reflux 
with sodium prior to distillation. In the case of iso- 
pentane only the first fraction coming through the 
silica gel the second time is used for best results. 


CONCLUSIONS 


n-heptane transmits almost 100 percent to 2100A in 
a 1-cm cell; the useful transmission limit in a 0.13-mm 
cell is 1720A [Fig. 1(a) ]. These results can be obtained 
simply by H.SO, treatment alone, and the purity is 
maintained with storage. Thus, u-heptane is recom- 
mended for all studies at room temperatures above 
2100A and in short path lengths below 2100A. 

Isopentane shows useful transmission to 1790A in a 
1-cm cell and to 1720A in a 0.13-mm cell [Fig. 1(b)]. 
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Fic. 1. Transmission of 1-cm wy of hydrocarbon at room temperature: (1) untreated; (2) treated with H2SO,; (3) passed 
i 


through si 


It keeps its purity for a few months if kept in a tightly 
stoppered bottle; upon longer standing, it again begins 
to show the same absorption region at 2050A (see 
curve No. 3, isopentane). Hence for longer path length 
studies below 2100A isopentane is recommended. 

3-methyl pentane has slightly better transmission prop- 
erties than ” heptane, with nearly 100 percent trans- 
mission to about 2050A [Fig. 1(c)]. It has the addi- 
tional advantage that it forms a rigid glass by itself on 
cooling to 77°K. Its keeping properties are poor, 
however.® 

Methylcyclohexane used alone does not have such good 
transmission properties; however, it retains its purity 
quite well with storage [Fig. 1(d)]. A mixture of 1- 


8W. R. Brattain, Shell Development Company, private com- 
munication. The author is indebted to Dr. Brattain and Dr. 
D. P. Stevenson of that company for calling his attention to the 
usefulness of this compound. 


ca gel after HeSO, treatment; (4) passed through silica gel a second time. 


part methylcyclohexane and 6-parts isopentane has 
useful transmission to 1830A in a 1-cm cell; at 77°K the 
mixture forms a good rigid glass,® and the “thermal 
tail” toward the red disappears, giving useful trans- 
mission to 1700A in a cell 1.2 cm long (to be discussed 
in a forthcoming paper). 

Fluorocarbons. An attempt by the author to finda 
mixture of fluorocarbons which would form a good rigid 
glass at low temperatures met with failure, evel 
though a variety of fluorocarbons and perfluoroethers 
was used. 
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*In an unpublished work M. Kasha, Florida State University, 
noted that various mixtures of isopentane and methylcyclohexant 
form stable glasses at 77°K. 
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cussed in the light of these results. 


The “‘«’’-Band of Formaldehyde and the Relation Between the Ultraviolet 
Absorption and Fluorescence Systems 


P. J. Dyne* 
Division of Physics, National Research Council of Canada,t Ottawa, Canada 
(Received December 18, 1951) 


A fine-structure analysis is presented of part of the “a’’-band of formaldehyde which lies at 43700. It is 
shown that the “a’’-band and the “A” band of formaldehyde which lies at \3530 have neither the upper nor 
the lower state in common. It is also shown that the lower state of the “‘a’’-band is one in which one quantum 
of the antisymmetric vibration v¢” is excited. The vibrational structure of the fluorescence system is dis- 
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A. INTRODUCTION 


i absorption spectrum of formaldehyde in the 
near ultraviolet consists of a system of weak 
bands starting at \3530 and stretching to shorter wave- 
lngths. A complete vibrational analysis of this system 
has not been made but, starting from the longest 
wavelength member, the “A”-band at 3530, some of 
the stronger bands form a progression whose separa- 
tio is ~1100 cm~.! This separation is attributed to 
the >C=0 stretching frequency v2’ in the electronically 
excited state. 

A much weaker band, the “‘a’’-band, is also observed 
inabsorption at 3700, i.e., about 1280 cm™ to the red 
of the ““A”’-band. This band does not appear to fit in 
with the other absorption bands. In fluorescence?* the 
“a’-band is the first shortward member of a progres- 
sion of bands stretching to longer wavelengths, sepa- 
rated by ~1740 cm-, and corresponding to the >C=0 
stretching frequency v2’’ in the ground state. 

In this paper the system of bands observed in ab- 
sorption, starting with the “A”-band will be referred 
toas the “absorption system.” The system excited in 
fuorescence and the “a’’-band (which appears weakly 
in absorption) will be referred to as the “fluorescence 
ystem.” Figure 1 illustrates their relationship. 

The bands ao(=a), bo, co, do, 0, form a progression 
whose separation is 1740 cm™. No bands of the “ab- 
sorption” system appear in fluoresence. Emeleus‘ has 
chown that the spectra of “cool” flames consist of the 
“fluorescence” system of formaldehyde. The “fluores- 
tence” system is also excited in emission in a high fre- 
quency discharge through formaldehyde. 

The problem under discussion is the relationship 
between the two systems and in particular between the 
‘4’-band and the “a”-band for, once this is settled, 
the vibrational analysis of the fluorescence system is, in 
tinciple, solved. In the present work a fine structure 


atalysis of part of the “a’’-band is given which leads to 
— 


* National Research Laboratories Postdoctorate Fellow. 
a feinttibution No. 2712 from the National Research Council 
anada. 
iV. Henri and S. A. Schou, Z. Physik 49, 774 (1928). 
: - Herzberg and K. Franz, Z. Physik 76, 720 (1932). 
3 Gradstein, Z. physik. Chem. B. 22, 384 (1933). 
. J. Emeleus, J. Chem. Soc. 2948 (1926). 
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some definite conclusions about the upper and lower 
states of this band. 


B. EXPERIMENTAL 


Two plates of the “a’’-band as obtained in absorp- 
tion were used in the analysis. The first was taken by 
Dr. C. Reid in the 4th order of a 21-ft grating. The ab- 
sorbing path was 8 m at a pressure of ~5 mm. The 
second was taken by myself in the 3rd order of a dif- 
ferent 21-ft grating. The absorbing path was 4 m at a 
pressure of ~10 mm. This latter plate showed some- 
what better resolution than the one taken by Dr. Reid. 
In both experiments the absorption tube was heated 
to ~150°C. Measurements were made on a Gaertner 
comparator using the M.I.T. wavelengths of the Fe 
lines as standards. The vacuum wave numbers of the 
lines, which were derived in the normal way, are ac- 
curate to +0.04 cm™. The measurements on the two 
plates, which were made independently, were in satis- 
factory agreement. 

The fluorescence system was excited in a high fre- 
quency electrodeless discharge and photographed with 
a Hilger EI quartz Littrow spectrograph. The condi- 
tions in this discharge, which is described in more 
detail elsewhere® appear to be closely similar to those 
in the glow discharge used by Schiiler.6 The new high 
dispersion spectra thus obtained showed that the wave 
numbers of these bands derived from low dispersion 
spectra are likely to be unreliable. The consequences of 
this are discussed in the section on the vibrational 
structure of the fluorescence system. 


C. THE FINE STRUCTURE OF THE 
“ABSORPTION BANDS” 


The fine structure of some bands of the absorption 
system has been studied by Dieke and Kistiakowsky’ 
(subsequently referred to as D. and K.). These were 
analyzed as the | -bands of a symmetric top. Strictly, 
formaldehyde is an asymmetric top, but the two larger 
moments of inertia are nearly equal, and are both so 
much greater than the moment about the C=0 axis 


that the symmetric top approximation is valid, at least 


5 P. J. Dyne, Can. J. Phys. 30, 79 (1952). 
° H. Schiiler and L. Reinebeck, Z. Naturforsch. 5A, 604 (1950). 
7G. H. Dieke and G. B. Kistiakowsky, Phys. Rev. 45, 4 (1934). 
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for not too small values of K. If centrifugal distortion 
is neglected the rotational levels of a symmetric top* 
follow the formula 


F,(J, K)=BJ(J+1)+(A,— By). (1) 


In the case of formaldehyde A>B and therefore the 
series of levels with K=n and J=0,1,2,:-- is much 
more closely spaced than the series of levels with J=m, 
K=0, 1,2,---. For a L-band the selection rules are 
AK=+1, AJ=0, +1. The band consists of a series of 
evenly spaced sub-bands arising from each K transi- 
tion, each sub-band having P, Q, and R branches 
similar to a '[[—"'> transition of a diatomic molecule. 
For AK=+1 these are designated "R, *P, and "Q 
branches; for AK=—1 they are designated ?P, 70, 
and ?R branches. In the series of sub-bands with 
AK=-+1 the ’R branches are much stronger than the 
"O branches and the "P branches are so weak as to be 
unobserved. In the series with AK=—1 the situation 
is reversed, ?P and ”Q branches being observed, ?R 
branches being absent. At high K values only *R and 
»P branches are present. Since J must be greater than, 
or equal to K, each sub-band will have a number of 
missing lines. For K’ =n and AK=-+1, the first lines 
observed are R(n), Q(n+1), and P(n+2), respectively. 
Each successive sub-band has one more line missing in 
each branch. 

The sub-bands in both the absorption and the fluo- 
rescence systems are degraded to the red. On the violet 
side of a band a set of "R heads is observed and the 
structure of the band, made up of evenly spaced sub- 
bands, is fairly easily picked out. On the red side the 
structure consists of a series of overlapping ?P and 
weaker ”Q branches which do not present obvious 
regularities on casual inspection. 

Formaldehyde has an axis of symmetry and there- 
fore the levels with odd and even K” have different 
statistical weights due to the nuclear spins of the H 
atoms. The situation is identical with that of ortho and 
para hydrogen. In the totally symmetrical ground 


8G. Herzberg, Infrared and Raman Spectra of Polyatomic 
Molecules (D. Van Nostrand Company, Inc., New York, 1945), 
p. 400. 
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Fic. 1. Diagrammatic representation of the ultraviolet absorption and fluorescence spectra of formaldehyde. 
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state the set of levels with odd values of K’’ have 
statistical weight 3, those with even values of K” 
have statistical weight 1. An intensity alternation in the 
absorption bands is therefore observed ; sub-bands with 
odd K” are strong, sub-bands with even K” are weak. 







D. THE FINE STRUCTURE OF THE “a’-BAND 


The *R heads in the “a’’-band are clearly resolved 
from one another under the dispersion of a medium 
quartz instrument. Using such spectrograms, Brand’ 
noted that the spacing of the sub-bands was ~20 cm™ 
instead of ~15 cm™ as observed by D. and K. in the 
absorption bands. Brand suggested that the lower level 
of the “a’’-band was one in which one quantum of the 
antisymmetric vibration vs was excited. According to 
Ebers and Nielsen" this level is perturbed by Coriolis 
interaction with the fundamental »5, of the type de- 
scribed by Nielsen." Brand showed that this perturba- 
tion would account for the anomalous spacing of the 
sub-bands of the “a’’-band. He gave a K” numbering 
of the sub-bands by assuming the first prominent “line” 
in the “a’’-band to be the *R head for K”” =0 and showed 
that sub-bands with even K’’ were strong. This would 
imply that the lower vibrational state of the transition 
is antisymmetric, in agreement with his previous as- 
sumption. It was felt that this result would only be 
conclusively proven by a detailed fine structure analy- 
sis of the band for, considering the low dispersion of 
Brand’s spectrograms and the complexity of the “a” 
band, his assignments could only be regarded as 4 
suggestion. This analysis has been carried out and 
clearly confirms Brand’s suggestion. 

Qualitatively the structure of the band is identical 
with that observed by D. and K. in the “absorption 
bands” of formaldehyde. For lower K values both ‘R 
and "Q branches can be picked out. These lie accurately 
on parabolic curves whose point of intersection givé 
the band origin and hence the J numbering of the % 
branch. Only one numbering of the Q branch gives 4 
linear plot of Q(J) against J(J+1). As the sub-bands 

























9 J. C. D. Brand, Trans. Faraday Soc. 46, 805 (1950). - 
10 &, §. Ebers and H. H. Nielsen, J. Chem. Phys. 5, 822 (1931): 
il H. H. Nielsen, J. Chem. Phys. 5, 818 (1937). 
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TABLE I. Wave numbers of assigned lines in the “a’”-band of formaldehyde. 
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92.90 113.49 = . e 
. 113.31 27133.82 27154.65 * 27194.80 
92.20 112.74 133.38 154.00 27174.30 194.13 27213.23 
91.41 111.92 132.51 153.13 173.45 193.27 212.54 27231.14 
90.27 110.85 131.34 151.98 172.27 192.11 211.37 229.92 
109.48 129.84 150.53 170.87 190.63 209.88 228.43 
107.81 128.13 148.78 169.05 188.84 208.07 226.63 
105.76 126.00 146.71 166.94 186.72 205.97 224.50 
103.60 123.61 144.33 164.53 184.37 203.42 222.08 
101.16 120.89 141.71 161.92 181.65 200.88 219.37 
97.98 117.89 138.66 178.67 197.98 216.36 
: 94.78 135.36 175.12 194.80 212.99 
have 91.40 131.75 171.76 209.21 
of K” 87.50 127.85 167.80 205.27 
en th 83.32 123.61 163.59 201.34 
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Is with 
. weak. siti p rQ "oe 
27081.17 
~ 79.75, 27100.28 
aslved 8.01 98.42 
rn 75.91 96.45 27137.79 
a 73.57 94.13 135.36 
Brand’ 70.97 91.41» 132.78 27172.95 
curt 68.03 88.53 129.84 169.70 
¥* 85.31 126.54 166.94 
in the 81.83 122.95 163.08 
ar level 78.01 119.09 159.125 
73.96 114.88 
of the 69.65 110.43 
ling to 65.02 105.76" 
“oriolis 100.48 
i & ‘Li h overlapped to be picked 
rturba- ‘icundmoctacse 
of the 
ibering are, to a good approximation, superposable, the J cm. In the upper state there does appear to be a small 
“Vine” numbering in each one of them is immediately deter- variation of B,’ with K: values of B,’ of 1.065 and 
showed mined. The number of missing lines in the “R and "Q. 1.061 cm~ for K=4 and 6, respectively, are obtained, 
would branches then gives the K numbering of the sub-bands. also with a possible uncertainty of +0.005 cm. The 
nsition The assignments of the measured lines are given in value of B,” for the absorption bands quoted by D. 
ous as Table I. Transitions from even K” are found to be 
nly be strong and the lower vibrational state is therefore anti- Taste II. 
analy- symmetric with respect to the principal axis. 
sion of The correctness of this analysis is supported by calcu- Combination differences for Combination differences for 
9 jr @ 4 i lower state upper state 
1e “a”. lation of the lower and upper state combination dif- AiF”(J) =R(J) —Q(J +1) AiF’(J) =R(J) —Q(J) 





31.80 
33.95 
36.14 


36.11% 
38.58 


gives 4 The values of the rotational constants B,’ and B,”’ 
)-bands can be obtained from the combination differences. In 
the lower state the rather limited data do not indicate 


d asa ferences R(J)—OQ(J+1)=A.\F"(J) and R(J)—Q(V) J K=3 4 6 a 4 6 

ut and =AiF’(J). If Eq. (1) gives the rotational levels of the 3 9.73 3 
; formaldehyde molecule, the fine structure of each sub- ; rel er : yh! 12.78 
lentical band is identical. The combination differences should 6 16.86" 6 14.808 
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oth *R bination differences are given in Table II. Their agree- ; 94.17 or ; 21.23 ny 
urately ment demonstrates the internal consistency of the 10 26.61 10 23.38 23.39 
n giv’ @ analysis and shows that deviations from Eq. (1), re- 11 29.02 11 25.54 
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g from second-order effects, are small. 3 33.858 13 29.80 
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2 (1937) “ty dependence of B,” on K. A value of B,” of 1.209 
cm™ is obtained with a possible uncertainty of +0.005 —« Uses overlapped line. 
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Fic. 2. Diagrammatic representation of the structure of the 
“q”’-band. The band consists of the overlapping components 
a(vs) and a(ve). 








and K. is 1.215 cm. Their values of B,’ vary from 
band to band over the range of 1.046 to 1.067 cm. The 
molecule in the upper and lower states of the “a’’- 
band has therefore dimensions very close to those of 
the molecule in the upper and lower states of the 
“absorption system.” The value of D, the constant 
representing the centrifugal distortion of the molecule 
is very small, of the order of 0.00001 cm. The present 
measurements are not sufficiently extensive for any 
significance to be placed on such a small value. D. and 
K. found, likewise, that the value of D was negligible. 
They also found a variation of B,’ and B,” with K of 
the same order of magnitude and of sign as that found 
here for B,’. 

Considering the uncertainties in the values of B,”’ 
for the “A”- and “a’”-bands, the agreement between 
the two values is such that one cannot say from this 
evidence whether or not the lower states are identical. 
As will be seen later the symmetry arguments show 
that they are different. It will also be shown later that 
' the lower state of the “a’’-band is one in which one 
quantum of an antisymmetric vibration is excited. 
The value of the rotational constant a;, which expresses 
the variation of B” with the vibrational quantum 
number 2,;, is therefore small. 

Below K=3 the bands of H:CO are not likely to be 
susceptible to analysis as those of a symmetric top. 
The band structure is so complicated that, in the case 
of the absorption bands, D. and K. were not able to 
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make a definite analysis even when they calculated in 
advance the position of the lines for the asymmetric top. 
As mentioned previously, Brand® has pointed out 
that the spacing of the sub-bands in the “a’’-band is 
anomalous and can be accounted for by supposing that 
there is Coriolis interaction in the lower state. Accord- 
ing to Nielsen" the two antisymmetric fundamentals 
vs and ve, at 1280 cm™ and 1167 cm”, respectively, 
interact and the rotational levels are given by 


F,!"(K, J)=(vst6)+p2A"” +B" J (IJ+1) 
+[(A”— BY”) K?F(vs—v6)?/4+(2KA"p)*}'. (2) 


This formula is quoted for the symmetric top approxi- 
mation. It is therefore directly comparable with Eq. (1) 
which gives the unperturbed levels. The negative sign 
refers to the level which is essentially vs, the positive 
sign to the level which is essentially v5. If the level 
with v¢=1 is taken to be the lower state of the “violet” 
end of the “a’”-band, and if the upper state is an un- 
perturbed level with the dimensions found by D. and 
K. for the upper state of the “absorption” bands, then 
it is possible to calculate the spacing of the sub-bands 
of the “‘a’”’-band. Using the numerical data of D. and 
K. for A’, B”’, A’, and B’ and a value of p close to that 
used by Ebers and Nielsen,!° Brand showed that the 
spacing of the sub-bands was correctly predicted. 

If the lower level of the “a’’-band is indeed that 
described by Nielsen’s equation, then the observed 
absorption would be expected to consist of two overlap- 
ping bands which we may call a(vs) and a(v¢), sepa- 
rated by about 113 cm™ as shown in Fig. 2. The “vio- 
let”? branches of a(ve) and the “red” branches of a(5) 
would therefore be relatively free of overlapping, but 
the center of the band would be quite hopelessly 
confused. 

Confirmation of this type of structure was found in 
the branches on the long wavelength side of the “a’- 
band. The predicted positions of the sub-bands with 
AK=-—1, corresponding to the sub-bands with AK=+1 
which have been analyzed, are found to lie in a com- 
plicated and confused part of the band. However, at 
the extreme long wave end of the band it is possible to 
pick out three series of lines which, from their spacing, 
one would take to be ?P branches with K=2, 4, and 6, 
respectively. They have approximately the position and 
spacing of the ?P branches of a(vs) which can be calcu- 
lated in the same way as that used by Brand for 
calculating the *R heads of a(v¢). This qualitative agree- 
ment between the observed and the predicted coarse 
structure is in agreement with the suggestion that the 
lower level of the a-band is one in which one quantum 
of the antisymmetric vibrations v5 and v are excited. 

The quantitative agreement is not very satisfactory 
for the observed branches coincide more closely with 
the calculated branches with K”=3, 5, and 7, which 
are weak, than those with K”=2, 4, and 6 although 
the spacing of these sub-bands is predicted quite ac- 
curately. The discrepancy in the relative position of 
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the “violet” and “red” branches probably arises from 
the assumptions made about the values of the con- 
stants in the upper and lower states. A complete fine 
structure analysis of the infrared bands would be of 
great help in settling this matter. 


—E. THE SYMMETRY OF THE COMBINING LEVELS OF 
THE “A”- AND THE “a’-BANDS 


Where necessary in the subsequent discussion vibra- 
tional, electronic, and vibronic (vibrational and elec- 
tronic) levels will be distinguished by the superscripts 
9, e, and ev, added to the normal species symbols. 

The states of a molecule like H,CO with C2, sym- 
metry can have species Ai, Ao, Bi, and B2. Transitions 
Ay A1, AxAe2, By > Bi, and BB, are allowed and 
give rise to parallel bands. Transitions A;>B, or Bz 
and Ay +B, or Be are allowed and give rise to per- 
pendicular bands. Transitions By>B, and A;<>A2 are 
forbidden. 

In the absorption bands analyzed by D. and K. the 
lower state is the electronic ground state of species 
A,*. The upper state has the species B2*’.” 

The analysis of the ‘‘a’’-band has shown that the 
sub-bands arising from even K” are strong. The lower 
state is therefore antisymmetric with respect to the 
symmetry axis, i.e., it is of species By” or B2*. The a 
band is a perpendicular band and the upper state is 
therefore of species A,® or A>*. It follows that the 
“a”-band and the “A”-band have neither the upper 
nor lower vibronic state in common. This is the crucial 
point in this paper and it appears to be unequivocal. 

It has been shown that the lower level of the “A”- 
band is the vibrationless ground state. It follows that 
the lower level of the “‘a’’-band is some excited level. 
These conclusions are presented in the form of a term 
diagram in Fig. 3. The spacings X and Y are such that 
X+Y=1280 cm. The next two sections will discuss 
the identification of these levels. 


F. THE LOWER LEVEL OF THE “a”’-BAND 


Since the “a’’-band is observed in absorption the 
value of the spacing Y in Fig. 3 is not likely to be much 
more than 1500 cm, otherwise the Boltzmann factor 
would make the intensity of absorption much too low. 
It is natural to assume that this level is one in which 
one quantum of a vibration of species B, or Bz is excited. 
Gradstein® first suggested that the “A”- and “a’- 
bands were the (1,0) and (0,1) bands of an anti- 
symmetric vibration, making X~Y~600 cm“. The 
lowest observed fundamental for formaldehyde is v¢ at 
1167 cm=, no absorption having been reported at 
lower frequencies. If a level with one quantum of this 


Vibration vg is the lower level of the band, then the 
—— 

® The distinction between a B, or Bz upper level depends on 
measurements of the splitting of the rotational lines in sub-bands 
of low K and high J values. This splitting arises because of devia- 
tions of the molecule from a symmetric top. In the case of the “a’”- 
band the structure at low K values and high J values is too compli- 
cated for this splitting to be observed. 


spacing X is reduced to 113 cm™. One would not, per- 
haps, expect a vibration frequency of 1000 cm™ in 
the ground state to drop to the very small value of 113 
cm~ in an excited eleetronic state. Because of this 
difficulty searches have been made for a low-lying 
fundamental of formaldehyde, but with negative re- 
sults (e.g., Brand’). 

If a low-lying fundamental did exist, then the 1167 
cm~ infrared band would have to be the first overtone. 
Since the postulated 600 cm fundamental frequency 
has species B,” or B2”, the first overtone would be a 
|| band, being a transition of the type Ai"—A,, the 
upper state being of species Bi X Bi= A; or B2X B2= Ai. 
The 1167 cm~ band is, however, a |. -band, as shown 
by Ebers and Nielsen. The observed infrared spectrum 
is therefore inconsistent with the hypothesis of an anti- 
symmetric fundamental with a frequency of ~600 
cm, 

The assumption that the lower level of the ‘“a’’- 
band is one in which one quantum of the vibration v5 
is excited is very strongly supported by the anomalous 
spacing of the sub-bands which has already been dis- 
cussed. This assignment requires the intensity of the 
“q@’’-band to be temperature dependent. Previous 
workers’:* have reported temperature coefficients cor- 
responding to a vibrational quantum of about 700 
cm." As such a determination involves the compari- 
son of intensities of the “A”- and “a@’’-bands which 
differ by a factor of about 20, and as the reported re- 
sults are semiquantitative, no mention being made of 
plate calibration, etc., no great accuracy can be ex- 
pected. The available evidence is therefore consistent 
with the present hypothesis. 
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Fic. 3. Energy level diagram showing the formal relationship 
between the “A”- and “a’”-bands. 


13 H. Sponer and E. Teller, Revs. Modern Phys. 13, 75 (1941). 
4 Some plates taken by Dr. C. Reid indicate a similar tempera - 
ture coefficient. 
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F Fic. 4. Energy level diagram incorporating the conclusion of 
sections F and G. The position of the 142° level is uncertain. It 
may be coincident with the 142 level, the upper level of the “a’’- 
band. 


[It should be noted that there is apparently a 
chance agreement between the spacing of the “A”’- and 
“q’’-bands and the frequency v;. Both have the value 
of 1280 cm. This coincidence makes the spacing be- 
tween the levels with 1;=1 and vg=1 (Fig. 2) and the 
spacing X (Fig. 3) equal. Both have the value 1280- 
1167=113 cm. ] 


G. THE UPPER LEVEL OF THE ‘“a”’-BAND 


The preceding arguments require that the upper 
levels of the ‘‘A’’- and “a’’-bands are of species Bz and 
A, or Ag, respectively, and separated by about 113 cm™. 

Mulliken” predicts four low-lying excited electronic 
states of species 'A2, *As, Bs, *Bz for formaldehyde. 
He suggests that the 43500 absorption bands represent 
the forbidden 'A.“—'A,° transition. The intensity of 
these absorption bands, belonging to a nominally for- 
bidden transition, is explained by supposing that a 
vibration of species B, is excited in the upper state 
giving it a vibronic species A2*XB,"=B,*. This is in 
agreement with D. and K.’s analysis. The allowed 
1B,%—!4,¢ transition is assigned to the much stronger 
absorption of formaldehyde which starts at about 
1900 and extends to shorter wavelengths. These con- 
clusions are supported by the calculations of McMur- 
ray,'* who showed that the calculated transition proba- 
bility for the 1B2%—'A,® transition is much greater 
than that observed for the \3500 absorption. This 
latter must therefore correspond to the forbidden 


18 R. S. Mulliken, J. Chem. Phys. 3, 564 (1935). 
16 H. L. McMurray, J. Chem. Phys. 9, 231 (1941). 
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14,%—!4,° transition. These conclusions will be ac- 
cepted in the following discussion. 

The term diagram, Fig. 3, can now be elaborated, as 
is shown in Fig. 4. There are three possibilities for the 
upper level of the ‘‘a”’-band: (1) That it is the vibra- 
tionless 'A»° state. (2) That it is a state in which one 
quantum of a symmetric vibration has been excited, 
The 113 cm™ spacing would then be the difference be- 
tween the B,” and A,’ vibrational levels in the upper 
state. (3) That it is a level belonging to the *A, elec- 
tronic state predicted by Mulliken. 

The last possibility can be almost certainly elimi- 
nated. By microphotometering some of the plates 
taken during the course of this work, an estimate of the 
relative intensities of the “A’- and “a’’-bands was 
made. The “a’”-band has about 1/20 of the intensity 
of the “A”-band and this factor is of the same order 
as that required by the Boltzmann factor for a vibra- 
tion frequency of ~1000 cm. It follows that if the 
“q’’-band is a singlet-triplet transition then the singlet- 
triplet transition moment is very close to singlet-singlet 
transition moment. This is very unlikely. 

The present evidence does not allow a clear decision 
to be made between the first two possibilities. The 
first possibility, that the 113 cm™ separation corre- 
sponds to one quantum of a B, vibration in the excited 
state, has the merit of being the simplest. Since our 
knowledge of vibration frequencies in excited states is 
very limited, the “surprisingly” low value of 113 cm™ 
for this mode cannot be considered as a strong objec- 
tion to this hypothesis. 
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Fic. 5. A possible assignment of the upper levels of the “—- 
and “e’’-bands. The spacing between the 'B, and 142° levels 's 
the difference between two vibrational modes of species Bs’ am 
A,”, respectively. 
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Fic. 6. Diagrammatic representation of the ultraviolet fluorescence spectrum of formaldehyde. 


The second possibility is presented in the form of a 
tem diagram in Fig. 5. It has the advantage that 
transitions such as “Y” in Fig. 5 from the 'A2° level 
which lies below the upper level of the “a’’-band can 
occur. As will be shown later, this can resolve some of 
the difficulties in the vibrational analysis. On the other 
hand, ad hoc assumptions must be made to explain 
why the “Y”’-band does not occur in absorption and 
why the “a’’-band occurs so strongly in fluorescence. 
In fluorescence the spectrum normally consists of a 
sries of bands arising from the vibrationless upper 
state. The ‘‘Y”-band should be much stronger in 
fluorescence than the “a’’-band which should be very 
weak. 

The balance of this reasoning is in favor of the first 
possibility, ie., that the 113 cm™ spacing is a vibra- 
tional frequency in the upper state. 


H. THE VIBRATIONAL ANALYSIS OF THE 
FLUORESCENCE SYSTEM 


A complete vibrational analysis of the fluorescence 
system has recently been proposed by Brand.!” During 
the course of the present work some spectrograms of the 
fluorescence system were obtained at fairly high dis- 
persion which showed that Brand’s analysis was open 
to criticism. While it is not the purpose of this paper 
to present a new vibrational analysis, a brief discussion 
of this problem follows. 

Under low dispersion the fluorescence system con- 
sists of three progressions of bands whose spacing is 
about 1740 cm. Following Herzberg and Franz, 
these progressions are labeled ao(=a), bo, co, do, etc.; 
th, by, C1, di ++, Ge, be, C2, dg: --. The spectrum is shown 
schematically in Fig. 6, the spacings being given in 
tound figures. If the band origins were accurately 
known or if all the bands had well-defined heads, the 
analysis would be fairly straightforward. The bands do 
show fairly definite heads on the dispersion of a medium 
quartz instrument, but the spectra of the fluorescence 
system taken during this study on the higher dispersion 
of a Hilger E1 show that measurements of “band 
heads” at low dispersion may be quite inaccurate. 
Only the bands in the ao, bo, co progression show the 
sub-bands of a 1 -band at all clearly. The others may be 
perturbed and could, for instance, consist of two super- 
Posed bands. The “‘a’”’-band itself has been already 


es 


"J. C. D. Brand, J. Chem. Phys. 19, 377 (1951). 


shown to consist of two bands. Without spectrograms 
taken at much higher dispersion showing, at least, a 
clear identification of the sub-bands in each band, the 
data for a precise analysis do not exist. 

Bearing in mind these experimental difficulties, the 
problem of the vibrational analysis may be stated as 
follows. The spectrum is excited in fluorescence; at high 
pressures this normally means that all the molecules 
excited by the initial absorption of light are, as a result 
of collisions, in the lowest vibrational level of the ex- 
cited state. Therefore all the bands of the fluorescence 
system will have the identical upper state. If one as- 
sumes this and that the progressions do, bo-++; a1, 
by: ++; de, be: -+ are real, then it is impossible to find an 
analysis using the known fundamental frequencies of 
formaldehyde. The spacing between da and a; is 500 
cm~!; the lowest fundamental of formaldehyde is 
1167 cm“. 

This difficulty can be removed if it is postulated 
that there is another fluorescing level in the upper 
state which lies below the upper level of the “‘a’’-band. 
The hypothesis (2) that the 113 cm™ spacing is the 
difference between two vibrational levels in the upper 
state requires the existence of such another level. Thus 
the “Y”-band in Fig. 5 could be the a; band, the spacing 
X being supposed to be 500 cm. The difficulties of 
this assignment have already been mentioned. In any 
case such an assignment does not constitute a genuine 
analysis, for the spacing X can be adjusted at will. 

The analysis proposed by Brand questions the exis- 
tence of the a, b1--- progression, proposing a special 
assignment for the first member a. As has been already 
mentioned, this assumes a relationship between the 
“4”-and “a’-bands identical with that which has been 
demonstrated in this paper. The basic scheme of this 
analysis is shown in Fig. 7. 

The first members of the progression in the v2’ 
vibration (of frequency ~1700 cm) are bands with 
ve’ =1, 2,3,---. The mode v¢ is antisymmetric and of 
species B,. The first members of these progressions are 
shown in the figure. In DCO up to ten levels in this 
series are involved. From the figure it is seen that the 
a2 progression, starting from the Ai°X(B,*)? level 
combines with the By level. It is therefore shifted by 
113 cm™ to the violet relative to the a and }; pro- 
gressions which combine with the Az upper level. This 
shift is shown in the frequencies tabulated by Brand. 

















a’ x (BY) = By" 








a x(By) = ay” 








At x By = By” 
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Fic. 7. The basis of the vibrational analysis of the 
“fluorescence” system proposed by Brand. 


Brand’s analysis is open to some objections. Firstly, 
there is the uncertainty in the band origins which has 
already been discussed. Examination of the higher dis- 
persion plates obtained in this work indicates that an 
uncertainty of the order of 50 cm™ or more may be 
present, particularly in the bands of the a2 progression 
which show the shift of 113 cm™. Brand’s measure- 
ments cannot therefore be taken as a positive demon- 
stration of this shift. 

Secondly, as admitted by Brand, the existence of 
long progressions of an antisymmetric vibration vio- 
lates the specific selection rule of Herzberg and Teller. 
This states that in the case of a forbidden electronic 
transition, the allowed vibronic transitions are from a 
symmetric level in the ground state to one in which 1, 
3, 5, «++ quanta of an antisymmetric vibration are ex- 
cited. Transition to levels with 0, 2, 4, --- quanta of 
an antisymmetric vibration are forbidden. Further, by 
an application of the Franck-Condon principle to poly- 
atomic molecules, it is shown that the transitions to the 
higher vibrational levels v= 3, 5, - - - will be very weak."* 
For these long progressions to be observed the upper 
state would have to be nonplanar, in which case the 
species A: and By describing the upper state would be 
meaningless. This would mean that transition to both 
the odd and even levels would be allowed. It is only in 
the analysis of the D2CO spectrum that the very long 


18 G. Herzberg and E. Teller, Z. physik Chem. B21, 410 (1933). 
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progressions are used. The analysis for H2CO does not 
require such a considerable violation of the Herzberg- 
Teller selection rule, as levels up to v¢” = 3 are sufficient 
to explain all the stronger bands. 

Brand’s assignment of the “‘a;”-band is very interest- 
ing. He states that this band is in reality double, the 
wavelengths of the two bands being \3764 and \3778, 
The 3764 band lies 1740 cm™ to the red of the “4”- 
band. The assignment of this band is obvious. It has 
the same upper state as the “A’’-band; the lower state 
has v2’=1. Brand suggests that the \3778 band has 
the same lower state as the “b”-band (v2=1, v¢’’=1) 
and that the upper state is one in which one quantum 
of the v2’ vibration is excited. 

When the fluorescence system is excited in a dis- 
charge tube, two new bands are observed to the short 
wave side of the “a’”’-band as first reported by Schiiler.‘ 
These were also observed in the high frequency elec- 


-trodeless discharge. They form a short upper state pro- 


gression in the > C=O stretching frequency v2’ which 
has a value of 1150 cm™. The A3778 band is the second 
member of a similar progression starting from the 
“bo”-band. While it is reasonable to expect this band 
to be excited in a discharge tube it should not, of 
course, be present in fluorescence. It would be of in- 
terest to compare fairly high dispersion plates of this 
system excited both in fluorescence and in a discharge. 
If the analysis is correct, only the 43764 component of 
the “a,” band would appear in fluorescence. Both 
bands would be present in the discharge. 


I, CONCLUSION 


The symmetry of the lower level of the “a’’-band, the 
spacing of the sub-bands, and the structure of the 
“red” branches show that the ‘“a”-band consists of 
two practically coincident bands arising from the levels 
vs’=1 and v’=1, respectively. The separation be- 
tween the upper levels of the “A”- and “a’’-bands is 
113 cm™, which is tentatively assigned to an anti- 
symmetric vibration in the excited electronic state. 
This hypothesis is the simplest and does not lead to 
any new difficulties in the interpretation of the fluo- 
rescence spectrum. The vibrational structure of the 
fluorescence spectrum is discussed. The vibrational 
analysis of this system will remain uncertain until 
higher dispersion spectrograms are available. 
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The effective charge du/dr (u=dipole moment, r=interatomic distance) is computed for linear diatomic 
and triatomic molecules from an expression for » which includes the effect of induced atomic dipoles. 
Agreement with observation is possible only if the atomic polarizabilities a are considered to be variable 
with r. a’=da/dr is obtained in good numerical agreement with values previously derived from Raman 
effect data. Thus, a reasonably consistent classical picture can be established that covers dipole moments, 
infrared intensities, and Raman line depolarization factors. 





INTRODUCTION 


[ previous papers,! it was shown that it is possible to 
calculate the depolarization factors of Raman lines 
of symmetric vibrations from the classical picture of 
vibrations of interacting induced dipoles. In order to 
obtain numerical agreement with the observed values, 
it was necessary to assume that the atomic polarizabili- 
ties depend on the interatomic distances or on the in- 
ducing electric field.? If this picture has any value at all, 
it must also be adequate for the description of dipole 
moments and infrared intensities, which are determined 
by the “effective charge” u’=du/dr. Both pw and yw’ are 
intimately related to the atomic polarizabilities. It will 
be shown that again agreement with observation can be 
obtained only with the assumption of variable atomic 
polarizabilities. This and the previous lack of sufficiently 
reliable data for u’ may be the reason that the indicated 
classical picture was never seriously considered. Only 
recently, the classical model was applied to alkali 
halide molecules.? Also a quantum-theoretical descrip- 
tion of dipole moments has been given‘ for HCl. But 
in view of the difficulties in extending the quantum- 
theoretical calculations to more complicated cases and 
to Raman and infrared intensities, a semi-empirical 
classical model is not superfluous and will retain its 
value if the model gives a qualitative understanding of 
the relation between several data with a reasonable 
quantitative approximation. 

Our considerations will be restricted to linear di- 
atomic and triatomic molecules. Reliable values of y’ 
for such molecules have been given by several authors.® 

*Paper presented at the Chicago meeting of the American 
Physical Society, October 26, 1951. 

'F. Matossi, J. Chem. Phys. 19, 1007 (1951); the last line of 
Table II of this paper is erroneous and is to be deleted; Physik. Z. 
45, 304 (1945). 

*That the atomic polarizabilities are not necessarily constant, 
has already been pointed out by F. Hund, Z. Physik 32, 1 (1925). 

*E. S. Rittner, J. Chem. Phys. 19, 1030 (1951). 

‘D. Z. Robinson, J. Chem. Phys. 17, 1022 (1949). 

* Thorndike, Wells, and Wilson, Jr., J. Chem. Phys. 15, 157 
(1947) [NNO]; A. M. Thorndike, J: Chem. Phys. 15, 868 
(1947) [OCO]; E. R. Nixon and P. C. Cross, J. Chem. 
Phys. 18, 1316 (1950); 19, 1067 (1951) [CICN, NCCN]; S. S. 
Penner and D. Weber, J. Chem. Phys. 19, 807 (1951) [CO]; D. Z. 
Robinson, J. Chem. Phys. 19, 881 (1951) [SCS, OCS]; R. Rollef- 
son, “Symposium on Molecular Spectroscopy” (Ohio State Univ., 


June 12, 1951) [CO, NO]; Callomon, McKean, and Thompson, 
Proc. Roy. Soc. (London) A208, 332, 341 (1951) [NNO, OCS]. 


THE MODEL 


In our model, the dipole moment is described by two 
terms. One gives the moment of point charges e at the 
sites of the atoms. This is the “ionic term.” The other 
term (“polarizability term”) takes into account the 
dipoles induced by the ionic charges. These induced 
moments tend to decrease the total moment.® Accord- 
ingly, we write 

(a) for diatomic molecules XY (r=rxy; a,=ax, 
a= ay, a; =da;/dr) 


a+ a 
pe" = ; 
r? 


2(aitar) ay’+ “|, 





’ 


p'=dy/dr=¢ 1+ 


r3 r? 


(b) for linear triatomic molecules XZY (r;=rxz, 
12=1zy} U1= ax, A=ay, a= az) 


aot a2 aot Qi 
M= Cl T2—-71— 2 i 
ro? 





|- Mo— M1, 
ry 


where yu; and 2 may be considered as “bond moments” ; 





wy’ =dyu/dry=e| — 
L r,3 ry re 


q 1 2(ao+a1) ato’ + ary “] 





be’ = dpu/dro=e 





ep ee a2) ao ban! *] 


3 r® ro? r;? 


uw’ is the so-called effective charge. More accurately, 
we should distinguish this “dynamic” effective charge 
from the “static” effective charge e= u/r. 

The equations for » and wv’ need some comments. 

(1) They are purely classical and therefore do not 
take into account any quantum-mechanical effects such 
as quantum resonance. Although the equations yield 
small dipole moments, as do the resonance effects, it is 

6 In contrast to Rittner’s treatment (see reference 3), we do not 
consider interactions between these induced dipoles which them- 
selves are the result of ionic interaction. To consider the inter- 
actions seems necessary and justified only if the induced dipoles 


are produced by an external field, as in scattering problems. 
Besides, Rittner’s series would not be convergent in some cases. 
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TABLE I. Variation of atomic polarizabilities (a’=da/dr) derived from 
effective charges (u’=dy/dr). 








——.. 








r(A) 
a(107%4 cm’) 





—<$<$<$< 





a’(10716 cm?) for tealc’ =Hobs’ ° 








Molecule Hobs(P) Healca pu’ (D/A)> N Cc O Ss Remarks 

NO r=1.15 +0.16 —0.41 +2.24 (obs) 1.8[1.3] —_ 1.8[1.3] — n’>0 
an =0.9 (5.5) (15.1) 2.4[ 2.9 } 2.4[ 2.9 | <0 
ao=0.73 (2.6) (2.6) 





co r=1.13 +0.12 —0.53 +3.14 —_— 1.6[0.2] 1.6[0.2] — u’>0 
ac=0.85 (5.3) (15.3) 2.45[3.9] 2.45[3.9] <0 
ao=0.73 (2.6) (2.6) 
OCO Lal 12 0 0 pa’ pe’ — 0 4.75 a pa’ >0 
1.16 1.16 +6 6 0 1.4 <0 
— (—11) (+11) (0) (0.45) 
ao= 


SCS 355 1.55 0 0 +5.6 5.6 -- 0 —_— 9.5 p’>0 
ac=0 (—13.4) (+413.4) 0 3.9 <0 
ag=3.3 (0) (1.0) 

OCS 1.16 1.56 +0.7 0 +6.7 +4.34 — 4.14.35] 4.1[4.35] 8.4[7.95] ’>0, w.’>0 
ac=0.85 (1.9) [+8.55] [+5.93] 4.1 4.1 12.614] >> = 
ao=0.73 (—14.4) (+14.4) 1.5[1.1] 1.5[1.1] 6.3[5.2] <O >0 
ag=3.0 i 10.6[11] <0 <4 

(1.1) (2.1) (5.0) 

NNO 2 12 +0.17 0.57 +3.3 +6.5¢ 5.4 — 6.1 — wa’ >0, po’ <0 
an =0.9 (0) (—14.8) (+13.9) 3.4 aw <O >0 
ao=0.73 (2.3) (0.8) 


NCCN ron = 1.15 0 0 won’ = +0.72 
(treated ac=0.85 (15.9) 
as CN) an =0.9 



















































2.3 2.3 pon’ <0 


no Raman data 

















® In parentheses: values for a =0. 
b In parentheses: values calculated for a’ =0. 


© In parentheses: values derived from Raman data (see reference 1). In brackets: values derived with corrected charge. 
4 Robinson (see reference 5). The results for the values reported by Callomon, McKean, and Thompson (see reference 5) are given in brackets. 


e Callomon et al. For other values (see reference 5). 


not proposed to consider them as an alternate descrip- 
tion of resonance effects, which are known to exist 
quite independently of dipole moment data. However, 
the equations do show that small dipole moments are 
not necessarily a resonance effect. Neither are vanishing 
dipole moments a symmetry effect only, since the two 
terms may cancel out.’ 

The use of point charges and “‘point dipoles” is not a 
too serious limitation and may be justified in a similar 
manner as in Rittner’s paper.’ 

(2) The equations for » must be considered as ap- 
proximations which are valid only in a restricted range 
of distances, because they are certainly incorrect for 
very small or very large distances, where, for nonpolar 
molecules, the dipole moment should be zero. Only if a 
is assumed to be a function of the distance, may we 
extend the range of validity, at least formally. 

(3) In deriving yu’, we assumed that the a,’s are de- 
pendent only on the distances adjacent to the respec- 
tive atoms with 0a;/dr2=0, da2/dr=0, Aao/dn; 
= 0ao/Ore. Then the y»,”s are bond properties as are 
the u,’s. But it can easily be imagined that there is some 
kind of interaction in the sense that non-adjacent bonds 
and their variations may affect the a;’’s. In fact, it has 


7 Thus, u«=0 does not necessarily exclude nonlinear forms for the 
CO,-molecule. 






















been pointed out® that yu,’ may be different if derived 
from different vibrations of more complicated molecules, 
such as the methy] halides. 







RESULTS AND DISCUSSION 


To evaluate the formulas given above, we calculate 
a;’ from the observed values of y;’ and compare them 
with the a’-values derived from Raman effect data. 
We use the same values for the polarizabilities as in 
the previous paper.! For e we choose one elementary 
charge. This choice is more or less arbitrary, but is sug- 
gested by the usual resonance formulas of molecular 
structure. But other choices can also be justified.* 

With the a-values used here, the calculated dipole 
moments do not coincide completely with the observed 
moments although they are of the right order of mag- 
nitude, in contrast to the ionic terms alone, which, in 
general, are far off the observed values. Only small 
adjustments of the a’s would be necessary so that the 
dipole moments would come out in exact agreement! 
with observation. But these adjustments must then also 
be applied to the Raman depolarization factors. They 

8H. W. Thompson (Oxford) in a lecture at Natl. Bur. Stand- 
ards (Summer, 1951). 

® ¢=two elementary charges would be suggested by the bond 


charter of some of our molecules and is supported by consider 
tions of K. Fajans, Chem. Eng. News 27, 900 (1949). 
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POLARIZABILITY MODEL 


would, in most cases, destroy the agreement of our 
present results with those obtained from Raman and 
Rayleigh data. 

Another possibility of bringing the calculated and 
observed dipole moments into perfect agreement would 
be the application of a suitable correction factor to the 
charge e. This remedy works well with NO, but not with 
CO (see Table 1). It could not be applied in the case of 
OCS. There, the theoretical terms of the dipole moment 
cancel out and any correction would be quite arbitrary. 
The use of two elementary charges, mentioned above, 
would not affect very much the a’-values for CO and 
NO, but would lead to a still larger difference in the 
dipole moments. 

But in view of the fact that our method can claim 
only to give an approximate picture because of the 
reasons indicated above (particularly because of the 
neglect of resonance), some discrepancy in the dipole 
data may be tolerated, and it seems to be more realistic 
to leave them as they are than to apply some uncertain 
correction. 

The a’-values depend, of course, on the signs of y’, 
and also on those of u if the a’s would be adjusted as 
indicated above. Sometimes, these differences may be 
utilized to determine the most probable signs or sign 
combinations. For the diatomic molecules, the negative 
sign seems to be the more probable one not only for 
uv but also for u. For the triatomic molecules, opposite 
signs of the effective bond charges are to be preferred. 
As in the previous paper,' some arbitrary relations be- 
tween different a;’’s have been used, such as ac’=ao’, 
in order to reduce the number of unknowns. 

The results are summarized in Table I. With one 
exception, C2Ne, only such molecules have been dealt 
with for which the Raman data had been evaluated. 
No attempt has been made to consider molecules with 
hydrogen atoms, although y’ is known for some of them. 
The polarizability of the hydrogen atom is too uncer- 
tain to be useful in the calculations. 

The y’-values for the unsymmetrical molecules de- 
pend on the force system, particularly on the choice of 
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an interaction force constant which cannot be deter- 
mined uniquely. In these cases, only one representative 
set of u’-values has been selected. 

The as are, in general, different for different mole 
cules. This should not be surprising since the primary 
dependence of a is on the field strength and not on the 
distance. But it would be premature to infer, from this 
consideration, information about the field. 

The agreement between Raman effect data and in- 
frared data is sufficiently good to justify the use of the 
classical model described above for a qualitative and 
semi-quantitative understanding of the observations 
and their correlations. Most of the remaining dis- 
crepancies can easily be ascribed to the inaccuracy of 
the basic data, particularly the polarizabilities, or to 
the fact that we deal with a classical picture which 
necessarily must fail in some quantitative details. Be- 
sides, the treatment of NNO in the same manner as 
OCS may not be realistic enough. 

With these limitations in mind, it can be said that 
the classical model adequately covers dipole moments, 
Raman depolarization factors, and infrared intensities. 
Rayleigh depolarization factors would be covered in 
principle. In fact, the polarizabilities are derived from 
Rayleigh scattering and refraction data. However, as 
already pointed out,! these data furnish inaccurate inter- 
atomic distances, which we disregard in favor of the 
spectroscopically determined distances. It may be 
that the role of the interaction of induced dipole mo- 
ments in refraction is not yet adequately described. 
Certainly is the relationship of refraction to atomic 
properties more distant than that of the spectroscopic 
and dipole data mentioned. Raman intensities as such 
are not covered by the model, since they apparently do 
not depend only on polarizabilities, as is indicated, for 
instance, by the well-known anomalies in the calcite 
Raman spectrum. In view of the lack of a workable 
quantum-theoretical method to calculate all these re- 
lated data, it seems worth while to explore the possi- 
bilities of a classical model, although some refinement 
may be necessary. 
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For a simple cubic crystal, with forces resisting displacement along and perpendicular to the connecting 
line between closest neighbors, the secular equation for the internal motions is rigorously broken down to 


y= v2? a(yyP+ v2?) ’ 


in which y,, etc., are the normal frequencies of the one-dimensional crystal. 
The corresponding frequency distribution shows no indication of the “infinities” found by Montroll for 


a model with central forces between first and second neighbors. 





N the first paper of this series! it was shown that the 
nth frequency of a one-dimensional crystal can be 
accurately expressed by the equation 


Vn=(k/a'm)' sin(nr/2N); 12nZN—1, (A) 


in which & is the force for unit relative displacement of 
neighbors of uniform mass m, n is an integer, and N is 
the number of particles in the chain. 

In the second section! it was proposed empirically 
that the frequencies of an isotropic three-dimensional 
array of uniform masses might be given by the equation 


P=vy2+a(y,?+v/) (2) 


as a simplified approximation to the factored secular 
equation. Here vz, etc., are sets of solutions of Eq. (1). 
While Eq. (2) should lead to a frequency distribution 
accurate enough for a variety of models, it is probably 
the exact solution for only one model. Because of the 
empirical origin of Eq. (2), the description of the corre- 
sponding model was not originally obvious, but a 
search for the model was undertaken for the purpose 
of providing the equation with as good a physical 
foundation as possible. 

It develops that Eq. (2) is the exact factored secular 
equation for the simple cubic crystal studied by Hous- 
ton,” in which the restoring forces are k for unit relative 
displacement of closest neighbors along their connecting 
line and ka for unit displacement perpendicular to the 
connecting line. While this model is a somewhat sim- 
plified representation of a real system, it could lead to 
a good approximation to a generally useful frequency 
distribution. 

The operations which break down the secular equa- 
tion into factors of the form of Eq. (2) are simple and 
straightforward. In the first place, motion along each 
of the three Cartesian coordinate directions parallel to 
the edges of a rectangular parallelipiped of particles is 
independent of the other directions. Consequently the 
secular equation is automatically factored into three 
equivalent parts. Secondly, each of these parts can be 
factored to the form of Eq. (2) by repeated use of the 


1J. O. Halford, J. Chem. Phys. 19, 1375 (1951). 
2 'W. V. Houston, Revs. Modern Phys. 20, 161 (1948). 
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factoring operations implied in the derivation of Eq. (1) 
for the one-dimensional crystal. 

The solution of the problem for a cube with three 
particles on the edge will be developed. The extension 
of the secular determinant to a larger model will be 
described and it will be evident, from the method of 
factoring, that the factors found for the twenty-seven- 
particle model, with appropriate interpretation of the 
symbols, are the rigorous factors for the general rec- 
tangular parallelipiped of dimensions V,;X N2XN3. 

For the 3X3X3 cube, the particles in the successive 
planes perpendicular to the direction of motion are 
numbered as in the following illustration: 


1 4 7 2 5 8 3 6 9 
10 13 16 1i 14 17 12 15 18 
So 2 Ss nD 3B 21 24 27 

Near plane Middle plane Far plane 


and the elements are introduced into the secular de- 
terminant in the corresponding order. For example, the 
elements in the eighth row and column are made up 
from the energy terms involving xs and 4g for particle 
number eight. 

With the substitution u= (42°v’m/k)—2, the secular 
determinant takes the form shown in Eq. (3). Only half 
the determinant, as far as the secondary diagonal 
(broken line), is shown. The rest of the determinant 
is obtained by reflection through the secondary di- 
agonal. Each successive set of three rows or columns is 
associated with a row of masses aligned in the direction 
motion, while each set of nine is connected with a plane 
of particles parallel to a face of the model and to the 
direction of motion. The determinant is divided into 
3X3 blocks of which those on the diagonal belong 
specifically to individual rows. The off-diagonal blocks 
show the cross-linking between one row and another. 
The 9X9 portions are associated in an analogous way 
with planes parallel to a face of the model. 

The determinant for the general NyXN2X%; 
parallelipiped can be described with the aid of Eq. (3). 
For the elements in the main diagonal, extension in the 
direction of motion involves extending the 3X3 blocks 
to V;XN, through repetition of the middle element of 
each block: Extension in the second dimension requires 
enlarging the 9X9 blocks to NiV2xN1N2 through 
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repetition of the middle V;X;, block of each set of 
three. For the third dimension, the extension involves 
repetition of the middle N;V2XN,N>2 block until the 
dimensions of the whole determinant are N,N2N; 
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XN,N2N3. The rows of unit cross-product coefficients 
parallel to the main diagonal are unbroken within the 
Ni XM, blocks but are interrupted as in Eq. (3) at the 
end of each such block. 





u+tl-2a 1 
1 u-2a 1 


1 vsl-20 





u+l-3a 1 
1 u-3a 1 


1 us+l-3¢ 





u+le2za 1 


1 u-2a 1 


l u4l-20 








u+l-ja 1 


1 u-3a 1 


1 us+l-3a 





























In a similar way the inner rows of alphas are unbroken 
within each NiN2XN,Ne2 square but JN, alphas are 
missing at the ends of each of these squares. The outer 
tows of alphas extend without interruption through the 
whole determinant. 

The factoring of Eq. (3) (or the general secular equa- 
tion) is accomplished by using the secular determinant 
for the one-dimensional crystal as a key. For three 
particles in a line the secular equation, with wu defined 
as above, has the form ~ 


u+1 1 
1 « 1 |=0. (4) 
1 u+1 
The roots are known, by Eq. (1), and this implies 
that the determinant has been diagonalized, by the use 


of linear combinations of the corresponding elements of 
the rows and columns, to yield the equation 


(u—U)(u—u2)(u—u3)=0 (5) 


or, in the general case for NV particles, 


(u—13)+++(u—us)+++(u—uy)=0. (6) 





It becomes evident that the application of the same 
factoring operations, in the same order, will diagonalize 
the more general determinant, F, as shown in Eq. (7). 


ut+tB+y 8B 
F=| 8B u+y B 
B ut+B+y¥ 


= (u+y— Buy)(ut+ y— Bu2)(u+y—Bus)=0. (7) 


By dividing each element by 6 and substituting 
v= (u+-)/8, the determinant takes the form of Eq. (4), 
and has the factored form (v—«)(v—12)(v—u3)=0, 
which, upon reversing the substitution and multiplying 
each factor by 8, reverts to Eq. (7). Obviously the con- 
stants 6 and y can have any values, including zero. 

If this set of factoring operations is applied, in Eq. (3), 
to each 3X3 square along the diagonal, every other 3X3 
square will automatically be subjected to the same 
operations, and, since all squares have the form of 
Eq. (7), they will all be diagonalized, and the par- 
ticular root u; will appear in the same position in all 
squares in which it occurs. By rearranging the order of 
the rows and columns, the determinant becomes fac- 
tored into 3 (in the general case N,) exactly similar 
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determinants, each of which contains only one of the roots ;, as follows: 





In Eq. (8), each 3X3 (in the general case V2X Ne) 
square again has the same form as the determinant F of 
Eq. (7). For example, in the first square on the diagonal, 
substitute y= —(u;+3a) and B= a to show the equiva- 
lence. Consequently, repetition of the previously used 
operations will break down Eq. (8) into 3 (in the general 
case V2) factors of the form of Eq. (9), each containing 
one root u; of the linear crystal equation. 


Uu—Uu;—3a— aU; a 
a U—Uu;—4a— au; a =0(. 
a U—U;—3a— au; 
(9) 


Equation (9) again has the form of Eq. (7), and the 
ultimate factors, 3 (or V3) in number, are 


(10) 


It should be clear that this is the general factored form 
of the secular equation for a parallelipiped of dimensions 
NiXN2XN3. Since u= (42°v’m/k)—2 and the roots u; 
etc. can be similarly expressed, it follows that 


P=ve+a(v?t+v), (11) 


which is exactly the same as Eq. (2), proposed empiri- 
cally in the earlier paper. 

It is interesting that, in contrast to common experi- 
ence in this kind of study, it has.not been necessary to 
neglect end corrections. Equation (11) is the exact 
factored form of the secular equation for the model as 
defined, without any approximations whatever. Conse- 
quently, any inadequacy of the result is the fault of 
the potential energy function, but is not attributable to 
the derivation. By comparison with the probable 
properties of real crystals, the model is clearly over- 
simplified. For example, it does not provide for the 


u—u;—4a—a(u;+u,)=0. 


J. O. HALFORD 


uU—Uu;—2a a a 
a uU—Uu;—3a a a 
a uUu—Uu;—2a a 
a uUu—Uu;—3a a a 
Qa a u—Uu;—4a a a =0. (8) 
a a uUu—Uu;—3a a 
a uUu—u;—2a a 
a a Uu—Uu;—3a a 
a a u—Uu;—2a 





troll’s studies. 




























rotations of the entire parallelipiped, since only three 
zero roots, obviously translations, can be obtained from 
Eq. (11) in its three permissible permutations. 

Nevertheless the cubic model employed here seems 
far closer to physical reality than Debye’s continuous 
model, and should therefore lead to a frequency dis- 
tribution which is more generally useful than the 
Debye function. The distribution curve will contain 
four discontinuities, but will show no indication of the 
“infinities” found by Montroll* for a closely related 
model. It would therefore be a mistake to claim, at 
present, that such “‘infinities” are a necessary feature of 
the distribution curve for two- and three-dimensional 
systems. 

Unfortunately, it has not proved to be possible to 
check Montroll’s distribution independently by factor- 
ing the secular equation for his model by the methods 
used in the present paper. Approximations can be ob- 
tained, however, if the coefficients of certain cross- 
products are neglected or reversed in sign. In each 
approximation the resulting distribution curve resem- 
bles the one prescribed by Eq. (11) more closely than 
the Montroll curve. It seems, therefore, that Montroll’s 
“infinities” are quite sensitive to the detail of the poten- 
tial energy function, since they disappear when secon¢- 
ary changes are made in this function. This tends to 
support the hypothesis that such peaks are not 4 
necessary feature of the distribution curve. 

At some future date an attempt will be made to set 
up and test against thermal data a usable continuous 
distribution function with an acceptable limiting slope 
at zero frequency, which will not deviate too far from 
the distributions prescribed by Eq. (11) and by Mon- 




























3 E. W. Montroll, J. Chem. Phys. 15, 575 (1947). 
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The Exchange of Water between Co(NH;);H,O+++ and Solvent* 


AARON C. RUTENBERGT AND HENRY TAUBE 
Jones Chemical Laboratory, University of Chicago, Chicago, Illinois 


(Received January 7, 1952) 


The rate of exchange of water between Co(NH;);H,O+*** and solvent has been measured by a method 
involving isotopic assay of the bound water. The half-time for the exchange is independent of salt concen- 
tration and of acidity over a range of these variables and is 24.5 hr at 27°. The half-time is increased by 
SO,", indicating that complex ion formation competes with the exchange process and thus supporting an Sy1 
mechanism as a reaction path. The equilibrium quotient [Co(NH;);H,0'8+*+*](H,0) /(Co(NH;)sH20***) 


X (H:,0'8) was measured as 1.019+0.001. 





HE significance of measurements of the rate of 
exchange of water between complex ions and 
solvent in reaching a decision between Sni and Sy2 
mechanisms for the substitution processes was outlined 
in an earlier report.! Work on exchange reactions of this 
type for metal-ammine complexes has been begun. 
In this paper some results are reported which have been 
obtained for the system 


Co(NHs) sH.Ott+t++ H,O'8 
= Co(NH3);H,O'8++++ H.0. (1) 


This system is well suited for quantitative study since 
it has been possible to develop a procedure for direct 
assay of the isotopic composition of water in the com- 
plex ion (hereafter referred to as the roseo ion and 
symbolized as RH,O***). Kinetic data of high ac- 
curacy can therefore be obtained for the system, even 
for rather dilute solutions of the ion. Some data on the 
kinetics of reaction 1, as well as on the measurement of 
the equilibrium constant for the reaction, are presented 
in this paper. 


EXPERIMENTAL PROCEDURE 


The procedure followed in the rate studies was to 

dissolve RH,O*(ClO,)3 in water of normal isotopic 
composition, precipitating the roseo ion as RH,OCIs 
‘HgCl, at chosen intervals, obtaining the coordinated 
water by heating the dried salt in vacuum and finally 
determining the isotopic composition of the water by 
equilibrating it with CO,? and analyzing the CO, in a 
mass spectrometer. 
_ Inthe equilibrium studies roseo perchlorate of normal 
sotopic composition was dissolved in normal water, 
and the solution was left in the dark at 25° for 40 days 
to establish isotopic equilibrium. The isotope assay of 
of the water coordinated to the cation was made as 
outlined above, and of the solvent water by equilibrat- 
a 

*This work was supported by the ONR under contract N6-ori- 
02026. The funds for the purchase of the mass spectrometer used 
in the isotope analyses of the samples obtained in the rate study 
were supplied by the AEC under contract AT(11-1)-92. 

Present address: Oak Ridge National Laboratory. 

J. P. Hunt and H. Taube, J. Chem. Phys. 19, 602 (1951). 


2 * * . A * 
The procedure and calculations for determination of isotopic 
Composition were as outlined in reference 1. 


ing CO, also with it. Comparison of the two values 
leads to the equilibrium constant of reaction 1. The 
results obtained in the rate studies establish the validity 
of the procedure followed in measuring the equilibrium 
constant. 

Roseo perchlorate of normal isotopic composition was 
prepared by acidifying carbonatopentamminecobalti- 
nitrate with 2 M HC1O,, then heating the solution to 
boiling. On cooling, the perchlorate salt crystallized. 
It was separated, recrystallized from dilute HClO, and 
finally from water. ' 

A convenient method for the preparation of the 
enriched roseo perchlorate is to add salt of normal 
composition to enriched water made slightly acid 
(0.005 M) with HClO, and maintaining the solution 
and residue solid in the dark at 45-47° for 3-4 days. 
On cooling, the perchlorate salt, with the roseo ion 
enriched in O!8, separates. The salt can be recrystallized 
from normal water with but little isotopic dilution if it is 
dissolved at 50°, and the solution is chilled as soon as 
the solid has disappeared. 

The salt RH,OCI;- HgCl.’ was precipitated from the 
solution for analysis by adding to it a chilled concen- 
trated solution containing HCl and HgCl, in sufficient 
amount to make the final concentrations ca 4 M and 
0.2 M, respectively. The mixed solution was then cooled 
in a dry ice bath until ice crystals began to form and the 
precipitate filtered off. The precipitate was dried by 
drawing air through it and finally by pumping on it ina 
vacuum desiccator. Predrying the salt by washing it 
with alcohol led to difficulties in the isotope analysis 
and is not recommended. 

The coordinated water was removed by heating the 
salt in vacuum at 125°. About three hours is required to 
complete the removal. The evolved water was collected 
and weighed. Within the limits of experimental error, 
it was found to correspond to the required stoichiometry. 
Prior to heating at the high temperature, the salt was 
kept at 60-65° in vacuum to remove the impurity water. 
Some difficulty is encountered because HgCle is lost 
from the double salt, but interference from this was 
largely avoided by interposing an ice water trap be- 
tween the source and the trap for collection of water. 


3S. M. Jorgensen, J. prakt. Chem. (2) 31, 49 (1885). 
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TABLE I. The rate of exchange between Co(NH;)s;H,O*** and 
solvent. (Temp. 27°; Ne represents the mole fraction of O'* in 
the roseo ion.) 








(RH20+++) 
No. oendiieente 
1 0.128 


Added NR 
substances ; X< 103 


HClO, 3.617 
0.0082 2.901 
(2.192) 


6.649 
4.366 
2.192 


6.338 
4.232 
2.192 


4.340 
; 3.437 27.8 
00 (2.192) 





HClO, 
0.0097 


HClO, 
0.0731 


0.055 Na2SO,, 0.33 


NaHSO,, 0.50 








® These values were calculated from the known isotopic composition of 
the solvent water, using the measured value of the equilibrium constant for 
reaction 1. 


RESULTS AND DISCUSSIONS 
Kinetic Data 


In Table I are presented the results of experiments on 
the rate of exchange of water between RH,O**+ and 
solvent. 

The half-time for the water exchange is independent 
of a sixfold variation in the concentration of RH,O*++t 
and of an eightfold variation in the concentration of 
perchloric acid. The rate of the reaction carrying the 
exchange is therefore first order in RH,O***, and the 
rate law at most involves in addition only solvent 
molecules. There are apparently no strong ionic strength 
effects, as the comparison of the result in experiment 1 
with those in experiments 2 and 3 show. 

The mechanism of substitution in hexacoordinated 
complex ions is still not known and the most interesting 
application of the rate data is to this problem. From the 
measured value of 4;, the rate of the reaction carrying 
the exchange is calculated to be 4.7X10~ mole 1.1 
min~, at unit concentration of RH,O***. Examination 
of the literature on the rates of substitution of the water 
in RH,O+t+* by other groups suggested that at high 
concentrations of Cl- * or of SO. 5 the formation of the 
corresponding complex ions might exceed the rate of 
substitution of water by water. 

If this situation would obtain, it would prove that 
the primary step in the substitution is not solely 


Co(NH3)sH2,O+*++@Co(NHs3)5++*++ HO. (2) 


. The Syl type of mechanism would then be excluded as 
representing the sole process for the substitutions under 
consideration, and participation by the Sn2 type would 
be proven. Experiments adding Cl at high concentra- 
tion to a solution containing RH,O+** were inconclu- 
sive, since the observations were complicated by the 

4F. J. Garrick, Trans. Faraday Soc. 33, 486 (1937); B. Adell, 


Z. anorg. u. allgem. Chem. 246, 303 (1941). 
5B. Adell, Z. anorg. u allgem. Chem. 249, 251 (1942). 


formation of solid phases. In experiments using SO;, 
it was observed that even in 2 M SO;-+3 M HSO-¢ the 
rate of formation of the complex ion did not exceed the 
rate of water exchange which has been measured. 

These experiments by no means exclude the Sy2 sub- 
stitution mechanisms, since it is possible that replace- 
ment of H.O by HO on the Sy2 mechanism is more 
rapid than replacement of HO by SO under the 
conditions tested. Only if in a large number of systems 
replacement of HO by a group other than water were 
found always to be less than the rate of water exchange, 
could the negative evidence be considered strong sup- 
port for the Syl mechanism. A more direct test of 
mechanism was attempted by measuring the rate of 
water exchange in the presence of SO. According to 
the Sy1 mechanism, reaction 2 is followed by 


Co(NHs) pt tt+ SO.-—Co(NH3);SO,"*. (3) 


On this mechanism SO, and H,O compete for 
Co(NH3);***, and a decrease in rate of water exchange 
can therefore result. On the Sy2 mechanism the rate of 
water exchange, if affected, can only increase. An in- 
crease may result since the equilibrium involving forma- 
tion of the complex ion can provide an additional path 
for water exchange. The observed effect is a small 
decrease in rate (see exp. 4 as compared to 1, 2, and 3). 
A large effect cannot be expected, since the conversion 
of RH,O*** to RSO,* is only partial at equilibrium 
under the experimental conditions. The observation is 
strong evidence that the Sn1 type of mechanism oper- 
ates at least in part. A complete study with a quantita- 
tive evaluation of competition data is required to 
assign relative weights to the roles the Syi and Sy2 
mechanisms play. 


Equilibrium Data 


In the measurements of the equilibrium constant for 
reaction 1, triplicate determinations of the isotopic 
composition of the bulk water and of the water in 
RH,O+++ in equilibrium with it were made. The 
average deviation from the mean in the determinations 
was 0.5 part per 1000. Comparison of the values 
yielded 1.0190-+-0.001 as the equilibrium constant for re- 
action 1 at 25°C. The results reported! for Cr(H20)«*** 
indicated ca 3 percent fractionation of the bound water, 
but these results admit sufficient error to make a ca 2 
percent effect possible for this ion also. 

The fractionation of oxygen isotopes in water by 
dissolved salts is being measured for a variety of 
systems. The value for the equilibrium constant meas- 
ured for reaction (1) will be discussed in relation to other 
data in a future paper. 
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A simple closed-form expression is obtained for the fractional intensity of radiation absorbed by vibration- 
rotation bands with collision-broadened spectral lines. The resulting expressions greatly reduced the labor 
involved in obtaining apparent rotational half-widths from experimental measurements. 





I, INTRODUCTION 


T room temperature the integrated absorption of 
rotational lines is given, in adequate approxima- 
tion, by the relations!” 


Sjj1? = np (555-1°7/@*)L(J—A)(G+A)/7] 
XLexp—E(0, j)/kT]Q>, 


S14) 1 = ar(wj-15;°"'/w*)L(J—A)(G+A)/F] 
XLexp—E(0, j—1)/kT]O7, 


Soo = ap(wjj??/w*) (27+ 1)/7 G+) J 
XLexp—E(0, j)/kT JQ, (1c) 
Spay? */S529*™ = ao/ ap. (2) 


Here ay and ap represent, respectively, the integrated 
absorption of the fundamental and first overtone; 
wj4;°"! is the wave number corresponding to the rota- 
tional transition j—7’ and the vibrational transition 
(+1; w*= wave number for the transition 7=0—7=0, 
n=Q0--n=1; A=quantum number measuring the com- 
ponent of electronic angular momentum about the 
internuclear axis; E(0, 7)=energy of the zeroth vibra- 
tional and 7’th rotational level; k= Boltzmann con- 
stant; T=absolute temperature; Q=complete parti- 
tion function. 

In an absorption experiment with a source of spectral 
radiant intensity R,, the fractional absorbed intensity 
R../Rsw, integrated over an entire vibration-rotation 
band of width Awa, is 


(1a) 


(1b) 


[(Raw/ Ryu) |dw _ 


AwB AwB 


[1—exp(—P.X) dw, (3) 


where P., represents the spectral absorption coefficient 
and X is the optical density. For collision-broadened 
spectral lines which do not overlap*.+5 


f (Raul Rea)deo=Xj2abj-0j°L flerioy)], 4) 


ee 

_* Supported, in part, by the ONR under Contract Nonr-220(03), 
NR 015 210. 

Ss S. Penner, J. Chem. Phys. 19, 272, 1434 (1951). 

B. L. Crawford, Jr., and H. L. Dinsmore, J. Chem. Phys. 18, 

983, 1682 (1950). 
assy Penner and D. Weber, J. Chem. Phys. 19, 1351, 1361 

iB Ladenburg and F. Reiche, Ann. Physik 42, 181 (1913). 

*W. M. Elsasser, Harvard Meteorological Studies No. 6 (Blue 
Hill Observatory, Milton, Massachusetts, 1942). 


where 


21d 543° "Lf (xj-45°) J 
~2(S 555°; 45°°X)! for large values of x;.;/°7! (Sa) 


and 


29rd 5-45° "Lf (xj55°) J 
~S;.,5°°'X for small values of x;;°°!. (Sb) 


The symbol );.;°°! denotes one-half of the spectral 
half-width for the indicated transition. Equations (5a) 
and (5b) represent asymptotic limiting forms in which 
the right-hand sides exceed the value of 27b;.;°" 
XL f(x;55°) ] for every value of x;.;°°!. Equation (5a) 
constitutes a better approximation for x;.;°°*!> (2/7), 
whereas Eq. (5b) is preferable for x;.,;°?!< (2/7). Since, 
at room temperature, ar= > ;5;4;°"1, it is evident from 
Eqs. (4) and (5b) that 


(Raw/Rsw)dw= arX, for small values of x;.;°!. (6) 

AwB 
Equation (6) is an illustration of the well-known result 
that accurate measurements of ar can be obtained for 
very small values of the optical density. It is evident 
that under these conditions the experimental results are 
independent of the line width. 
II. CALCULATION OF ROTATIONAL HALF-WIDTHS 

FROM EXPERIMENTAL DATA 

In order to obtain a useful procedure for the calcula- 
tion of rotational half-widths, it is necessary to assume 
that b;.,;°!= bp, b;.;°°°?= bp and to evaluate the right- 
hand side of Eq. (4) by using Eqs. (5a) and (1a) to (2). 
We shall outline the procedure for the fundamental 
vibration-rotation band. 

Equations (la) to (ic), (4), and (5a) lead to the 
relation 


(Raw/Rsw)dw 


= 2{arbpX/Q exp[E(0, 0)/kT]}! 
XLLG-NG+AN/IT{ Win -V/o*)! 
X {exp—LE(Q, j)—E(0, 0) /2kT}+ (w14;°"/*)! 
x {exp—[E(0, j—1)—E(0, 0)]/2kT}} 
FAL (29+ 1)/GG+1) Po j5°°'/ 0%)! 
x {exp—[E(0, j)—E(0, 0)/2kT}. (7) 
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Equation (7) is the basic equation from which useful 
results can be obtained for two special cases. 


A. Diatomic Molecules Without Q-Branch (1=0) 


For diatomic molecules without Q-branch (A=0) 
Eq. (7) becomes 


(Raw/ R,.)dw 


AwF : 
=2arbpX/Q exp[E(0, 0)/kT]}} 
XK Did { (wij 0*)! 
Xexp—[E(0, j)—E(0, 0) /2kT + (.0;-1-5j°"/w*)! 
Xexp—[E(0, 7—1)—E(O, 0) ]/2kT}. (7a) 


Utilizing customary spectroscopic notation® and ex- 
panding the various terms in Eq. (7a) in powers of yj, 
it is found that, correct to powers of y?j?,” 


(Raw/Rsw)dw=2{ arbpX/Q exp[E(0, 0)/kT]}# 
“Px ,2jHLexp— (vuj?/2)]L1+-27h(y, 6, u)], 
h(y, 6, u) = (u?/8)+ (u/2)—L(6/y)+1]/2. 


The sum over j can be evaluated readily by use of the 
Euler-Maclaurin summation formula.’ In this manner it 
is found that, in good approximation, 


where 


(Raw/Rsw)dw=4.1(2)(arbpX)*(yu), (8) 


AwF 


where a suitable expansion has been introduced® for 
{QO exp[_E(0, 0)/kT ]}*. The error in Eq. (8) is esti- 
mated to be of the order of (yu)*. It is evident that 
Eq. (8) holds for the first overtone with ap and b, re- 
placed by ap and bo, respectively. 


B. Diatomic Molecules With Q-Branch (10) 


In the general case \¥0 we must proceed from Eq. (7) 
directly. After suitable expansion of various quantities 
appearing in Eq. (7) it is found that 


f (Rew/Rz,)deo=2(arbpX)¥(-yu) 
XDA LG-NG+N/FT 
XLexp(— yuj?/2) [1+ 7 7*h(7, 6, «) ]} 
+{AL(27+1)/7G+1) }'Lexp(— yuj?/2) ] 
X[1— (uy j/2)+ (wy?7?/8) J}. 


(7b) 


6 J. E. Mayer and M. G. Mayer, Statistical Mechanics (John 
Wiley and Sons, Inc. New York, 1940). 

7For details, describing a similar evaluation, see Penner, 
Ostrander, and Tsien, J. Appl. Phys. 23, 256 (1952). 
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Since 2 is generally a small integer and since the con. 
tributions made to the value of the sum by rotational] 
lines with small values of 7 are relatively small, we may 
approximate [ (j—A)(j+A)/j7_}! by 7?, whence it follows 
that the first brace of the sum in Eq. (7b) again leads 
to the result given in Eq. (8). Thus it is only necessary to 
estimate the total contributions made by the Q-branch, 
An adequate approximation is obtained by utilizing 
again the Euler-Maclaurin summation formula. The 
result is 


J - (Raw/Rsw)dw 


=4.1(2)(arbpX)*(yu)—*(14+1.4(8)A(yu)*]. (9) 


The error in Eq. (9) is also of the order of (yu)*. Equa- 
tion (9) applies to the first overtone if ap and dp are 
replaced by ap and bo, respectively. 

Because of very close spacing of the rotational lines 
in the Q-branch, the right-hand side of Eq. (9) will 
generally be too large. For this reason it may be indi- 
cated to use Eq. (9) in the form 


(Raw/Rew)dw 


AwF 
=4.1(2)(arbpX)*(yu)*L1+1.4(8)AB(yu)*], (9) 


where @ is an empirically determined correction factor 
which is less than or equal to unity. The contribution of 
the Q-branch is usually so small that it may be neglected 
in the treatment of experimental data. 

In conclusion, we wish to emphasize again that the 
results which we have obtained are useful only if the 
Lorentz dispersion formula is adequate to describe the 
experimental measurements. This condition seems to 
apply to simple diatomic molecules such as CO and NO 
but not to HCl and HBr.*:* If the empirical data ob- 
tained cannot be correlated quantitatively by expres- 
sions of the form given in Eqs. (8) and (9), then it is 
generally safe to assume that an oversimplified descrip- 
tion of spectral line-shape has been used.° 


8S. S. Penner and D. Weber, paper presented before the 
Symposium. on Molecular Structure and Spectroscopy (Ohio State 
University, Columbus, Ohio, 1951). : 

9In this connection reference should be made to the extensive 
literature on pressure broadening of spectral lines, for example, 
H. A. Lorentz, Proc. Amst. Akad. Sci. 8, 59 (1906); W. Lenz, Z. 
Physik 80, 423 (1933); V. F. Weisskopf, Physik Z. 34, 1 (1933); 
E. Lindholm, Arkiv. Mat. Astron. Fysik. 32, 17 (1945); J. H. 
Van Vleck and V. F. Weisskopf, Revs. Modern Phys. 17, 22/ 
(1945); J. H. Van Vleck and H. Margenau, Phys. Rev. 76, 121! 
(1949) ; P. W. Anderson, Phys. Rev. 76, 647 (1949) ; H. Margenau, 
Phys. Rev. 82, 156 (1951). 
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transfer of excess vibrational energy to the solvent. 








Absolute quantum yield measurements of fluorescence and phosphorescence have been made for a number 
of organic molecules dissolved in a transparent solid solution (E.P.A.) at 77°K. The quantum efficiencies 
range from nearly zero for bromobenzene to 0.6 for benzophenone. The measurements are believed to be 
accurate to about 10 percent. The nonradiative processes, which account for the quanta not re-emitted, are 
discussed. If the radiationless processes all originate in the triplet state, the triplet state lifetimes measured 
in solid solution can be corrected to give the natural lifetime of the triplet (phosphorescent) state. Since one 
cannot tell-a priori that this assumption is justified, other experiments are necessary. If the singlet-triplet ab- 
sorption strength is known, one can tell whether this correction should be applied or not, and infer the origin of 
the radiationless transition. Finally, a comparison of quantum yields in solid solution with quantum yields in 
other phases suggests that the mechanism of radiationless transitions, in the absence of concentration quench- 
ing and specific solvent and quencher action, is intramolecular potential surface crossing, followed by the 
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I, INTRODUCTION 


EASUREMENTS of the absolute quantum effi- 

ciencies of fluorescence and phosphorescence in 
solid solution were undertaken for several reasons. 
First, since most of our information about the triplet 
states of organic molecules has been obtained from 
studies of the luminescence of the transparent solid 
solutions of these molecules, it is important to know 
how efficient is the conversion of absorbed light into 
luminescence. Specifically, the measured radiative life- 
times did not always agree with the lifetime calculated 
from the strength of the singlet-triplet absorption 
band.!*:» It seemed probable that in cases where the 
observed lifetime was too short, there were simultane- 
ous radiationless processes which would be detected by 
absolute quantum yield measurements. It was also of 
some importance to establish whether or not the meas- 
ured triplet state lifetimes were nearly equal to the 
natural lifetimes of the triplet states. Secondly, the 
quantum efficiencies of many substances have been 
measured in liquid solution, and a few in the gas phase, 
and it would throw some light on the mechanism of 
nonradiative electronic transitions to know the quan- 
tum efficiency at low temperatures in the solid. Thirdly, 
there are a number of radiative, nonradiative, and 
photochemical processes which occur in molecules in 
solid solution but which are difficult to observe or do 
hot occur in other phases. A general study of these 
Processes would require a knowledge of the over-all 
luminescence yield. 

In order to illustrate these processes, we refer to the 
molecular energy level diagram of Fig. 1. Transitions 
involving radiation are represented by solid arrows and 
transitions not involving radiation by dashed arrows. 
In addition to the singlet and triplet manifolds of 


ee 

* Now at U. S. Naval Ordnance Testing Station, Inyokern, 
California, 
he (a) G. M. Almy and S. Anderson, J. Chem. Phys. 8, 805 (1940). 
(b) D.S. McClure, J. Chem. Phys. 17, 905 (1949). 
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states, there will also be states corresponding to the 
dissociation products of the molecule and to the ionized 
molecule. 

Some of the processes which occur in solid solution 
but are seldom observed in other media are (1) the 
radiative process T;—G (phosphorescence); (2) radia- 
tive triplet-triplet transitions, e.g., 7:74, which have 
been observed in absorption;?* (3) photochemical 
processes of the second order in the light quanta.* The 
most likely mechanism for (3) is through the absorption 
of a quantum by molecules already excited to the 
metastable triplet state. A process which probably 
occurs in fluid solutions but is only observed in solid 
solutions, is the radiationless process S;—7 ,° which 
may go by way of T», i.e., Sr>T2>T}. 

One of the reasons for using solid solutions in lu- 
minescence studies is the fact that molecules in a solid 
solution are apparently less perturbed by their en- 
vironment than are molecules in a liquid solution. 
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2 Lewis, Lipkin, and Magel, J. Am. Chem. Soc. 63, 3005 (1941) 
(T—T absorption of fluorescein). G. N. Lewis and D. Lipkin, 
J. Am. Chem. Soc. 64, 2801 (1942) ([—T absorption of diphenyl- 
amine). These absorption bands were not recognized as being 
T—T bands at the time the papers were published. 

3D. S. McClure, J. Chem. Phys. 19, 670 (1951). 

( . % N. Lewis and M. Kasha, J. Am. Chem. Soc. 66, 2100 
1944). 
5M. Kasha, Chem. Revs. 41, 401 (1947). 
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Fic. 2. Arrangement of parts in the quantum-yield determinations. 


Some of the evidence for this is as follows: (1) The 
appearance of phosphorescence proves that an elec- 
tronic state can remain populated for a long time, 
whereas in fluids, except for very viscous liquids, the 
triplet state usually becomes deactivated through vari- 
ous processes before radiation can occur. (2) Spectra 
obtained in a solid solution are comparatively sharp— 
although some of the sharpening is caused by the low 
temperatures ordinarily used. Under comparable con- 
ditions, the spectra are never less sharp in the solid 
solution than in liquid solution.*:** 

Also of interest are the following facts. The solid 
solution apparently does not clamp the solute mole- 
cules into distorted positions, although it prevents the 
molecule from rotating. The former was proved when 
it was found? that cis-stilbene could be photochemically 
converted to the ¢rans- form in a rigid glass, and the 
latter was proved by Lewis and Bigeleisen’® when they 
found that the molecules produced photochemically by 
polarized light showed polarized absorption lasting for 
as long as the solution remained solid. 

Processes such as the radiationless cascade from S3 
to S; or 7; to T2 occur in solid as well as in liquid solu- 
tions and in gases at moderate pressures. Predissocia- 
tions, i.e., certain photochemical processes of the first 
order with respect to the quanta, apparently take place 
in the solid solution when they take place in the gas. 
The only example available is the acetone decomposi- 
tion.” Other kinds of photochemical processes, first 
order in quanta, have been studied by Lewis and 
Bigeleisen.” These include photo-ionization, photo- 
dissociation into radicals and photodissociation into 
ions. 

Absolute quantum-yield measurements of fluores- 
cence (S;~G) and phosphorescence (T;—>G) will pro- 
vide an indication of the extent of the radiationless 
processes, but different experiments will have to be 
done in order to determine the specific character of 
these processes. The absolute yields will also serve as 
comparison standards for relative quantum-yield deter- 


6 E. Clar, Spectrochimica Acta 4, 116 (1950). 

7R. V. Naumann, thesis, University of California, 1947. 

8 M. Kasha and R. V. Naumann, J. Chem. Phys. 17, 516 (1949). 

® Lewis, Magel, and Lipkin, J. Am. Chem. Soc. 62, 2973 (1940). 
(1943) N. Lewis and J. Bigeleisen, J. Am. Chem. Soc. 65, 520 

1D. McClure (unpublished result). 

2G. N. Lewis and J. Bigeleisen, J. Am. Chem. Soc. 65, 2419 
(1943) where other references will be found. 
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minations, and are, therefore, of fundamental im. 
portance. 





II. EXPERIMENTAL 


Absolute fluorescence yields are rather difficult to 
measure, and consequently, most investigators have 
relied on comparisons with the few absolute yields which 
have been measured." Vavilov found that at low con- 
centrations in aqueous solution, the quantum yield of 
fluorescence of sodium fluorescein was 0.7 within ten 
percent, providing that the exciting light was of higher 
frequency than the first absorption band. Bowen and 
Sawtell!® measured the absolute quantum efficiency of 
anthracene fluorescence with a light integrating fluo- 
rescent screen. The figure obtained with the anthracene 
in alcohol solution and excited by radiation which was 
strongly absorbed was 17 percent. 





















1. Design of Apparatus 





Our method was less convenient than the one used by Bowen 
and Sawtell, but we had to measure luminescences over a wave- 
length range too great for the integrating screen method. It re- 
sembled Vavilov’s method in principle. A beam of light from an 
AH-4/medium pressure mercury arc is passed through a Hilger 
single prism, constant deviation monochromator. The mono- 
chromatized light is focused at normal incidence onto the surface 
of a block of solid E.P.A.1° which is maintained at 77°K and con- 
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SIDE 





Fic. 3. The insulated vessel for low temperature quantum 
yield measurements. 






13 For a discussion of this, see P. Pringsheim, Fluorescence ani 
Phosphorescence (Interscience Publishers, Inc., New York, 1949), 







"MS, J. Vavilov, Z. Physik. 42, 311 (1927). 
' 15 3 J. Bowen and J. W. Sawtell, Trans. Faraday Soc. 33, 14” 
1937). , 
16 E.P.A. is 5 pts. ether, 5 pts. isopentane and 2 pts. alcohol by 
volume. See reference 2. 
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ABSOLUTE LUMINESCENCE 


tains the substance being studied. The emitted light, fluorescence 
plus phosphorescence in the most general case, is observed by a 
{P28 photomultiplier tube which is set so as to measure the light 
emitted at 45° from the normal to the E.P.A. surface.!?7 These 
readings are compared with source intensity readings obtained by 
accurately replacing the sample with a magnesium oxide surface. 
The resulting reading represents a small but accurately determin- 
able fraction of the initial light intensity. Figure 2 shows the 
arrangement of the parts. 

Since the samples have to be kept at 77°K, a special vessel had 
to be built to permit the light to enter and leave the frozen sample 
with a minimum of distortion, and with a clear optical path. This 
problem was solved without building a special Dewar vessel, by 
simply using the single-walled glass vessel illustrated in Fig. 3, 
lagged with asbestos and provided with double plane quartz 
windows. Warm nitrogen circulated between the windows kept 
frost from depositing on them. 

The sample holder was designed as shown in Fig. 4. This kept 
the sample at the required temperature by conduction through 
the heavy copper bar which dipped into the liquid nitrogen at the 
bottom of the vessel. By rotation of the knob at the top, either 
the sample or the MgO block could be turned into position. A 
third position of the knob was to place a luminescent screen in the 
light beam for focusing purposes. 

With the apparatus designed in this way, slow drifts in the 
intensity of the light source are not an important source of error 
because of the frequent monitoring. Also, because the light from 
the MgO block traverses the same path as the light from the 
sample, corrections for window absorption nearly cancel out. A 
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Fic. 4. The sample holder for low temperature quantum- 
yield measurements. 

es 

he The angle of incidence of 0° and the angle of observation of 
) from the normal were chosen for the following reasons. The 
loss of exciting light by reflection will always be greater than the 
88 of fluorescent light by reflection at the same angle, because the 
Wavelength of the former is shorter. Using the smaller angle for 
he exciting light minimizes these losses, although corrections still 

ve to be made. An angle of less than 45° could not be used for 
the emitted light because of space limitations, and the 45° angle 
th Ses some advantage over other angles when one considers 
'e reflectance of the MgO surface as a function of angle and the 
Stribution of luminescence emission as a function of angle (see 
parts 4 and 7 of this section). 
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Fic. 5. Window transmissions. 


quartz window is placed over the E.P.A. sample, however, and full 
corrections for this window have to be made. 


2. Window Transmissions 


These were determined with a Cary Recording Spectrophotom- 
eter, with the results shown in Fig. 5. Allowance was made for the 
fact that for the quartz window on the sample, the reflection loss 
of the exciting light was approximately halved because of the 
intimate contact of the quartz window with the E.P.A. surface. 


3. Geometry Factors 


There are no geometry factors to be taken into account. The 
luminescent spot on the E.P.A. was the same size as the rear 
monochromator slit except for penetration into the sample of a 
few millimeters. Thus, it was very small compared to its distance 
from the photomultiplier and could be treated as a point source. 


4. Index of Refraction Correction 


Since the light emitted from the solid solution passes from a 
dense to a light medium, the light is refracted away from the 
normal. Thus, a given solid angle within the medium becomes a 
greater solid angle outside. 

Radiation from the luminescent sample observed at an angle @ 
from the surface normal, actually starts out at an angle @, where 
sin@=n sind. The ratio of the solid angle through which the radia- 
tion moves while in the solid to that through which the radiation 
moves when in air is dé /d@=n(cos@) /(cos@). Intensities measured 
in air, J(¢, v), must then be related to actual intensities, 
i.e., those measured in the denser medium, by /(¢, v) 
=I], cos¢(n?—sin*¢)~* which at an angle of 45° becomes /(¢, v) 
= ],(2n?—1)-+. 

In order to apply this correction, the index of refraction of 
solid E.P.A. at 77°K has to be known. 


5. Index of Refraction Measurements on E.P.A. 


Equilateral triangular prisms of E.P.A. were molded and placed 
in an apparatus for measuring the angle of deviation of a light 
beam. Light from the exit slit of the monochromator was made 
parallel and passed through the prism at the angle of minimum 
deviation. A second lens focused the light from the prism onto a 
fluorescent screen and the angle of deviation was measured. The 
refractive index determined in this way from 18,000 cm™ to 
40,000 cm™ and the corresponding correction factors are plotted 
in Fig. 6. 


6. Correction for Anisotropic Emission 


When parallel or nearly parallel unpolarized light passes through 
an absorbing medium, those molecules whose transition moment 
axes lie in a plane perpendicular to the direction of the light have 
the greatest probability of absorbing the light. The corresponding 
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Fic. 6. Refractive index and refractive index correction 
factor as functions of wave number. 


emission will not be isotropic, and its distribution depends on the 
angle made by the emitting dipole with respect to the absorbing 
dipole. There are only a few cases in which we can be absolutely 
certain of the relation of the absorbing to the emitting dipoles, 
so that this must be considered as a source of error. When more is 
known about the symmetry of the electronic states of polyatomic 
molecules, the proper corrections can be applied to our results. 
We assumed an isotropic distribution of emission. The other dis- 
tributions likely to be encountered are (1) absorbing and emitting 
axes parallel, (2) absorbing and emitting axes perpendicular, and 
(3) absorption and emission can occur in any direction in a plane 
of the molecule (e.g., benzene). The corresponding intensity dis- 
tributions are (1) 4—sin?0, (2) 6+sin?@, (3) isotropic, where @ is 
the angle between the absorbed ray and the direction of observa- 
tion. If the emission is assumed to be isotropic and actually (1) 
applies, the value of Q obtained will be 10 percent too high, while 
if (2) applies, Q will be 7 percent too low. These estimates are for 
an angle of observation of 45° and an index of refraction of 1.45. 

The nonisotropic intensity distribution will tend to become 
isotropic if the excited molecules interact with neighboring un- 
excited ones. Measurements of the depolarization of the fluores- 
cence of fluorescein in an E.P.A. solid solution, made by Mr. Lung 
Yuan in this laboratory, show that the depolarization is almost 
complete at a concentration of 10~* molar. These results agree with 
what has long been known about the concentration dependence of 
depolarization in viscous media such as glycerine. Our quantum- 
yield measurements were made at concentrations in this range, 
so it is likely that the intensity distributions were more isotropic 
than those given above. 


7. Reflectance of Magnesium Oxide Surface as a Function 
of Angle 


The MgO surface is usually assumed to reflect according to 
Lambert’s law. Since no data for monochromatic ultraviolet 
radiation were available, we determined the reflectivity as a 
function of angle, as described below. Slight departures were 
found, but at the angle of observation of 45° which we had chosen, 
the assumption of Lambert’s law led to errors of less than 2 per- 
cent. The values used for the absolute reflectivity of the MgO 
surface were those of Benford, Schwarz, and Lloyd!* who used an 
integrating sphere. 

A nearly parallel beam of light from the monochromator fell 
at normal incidence upon the MgO surface, and a photomultiplier, 
mounted so as to scan the angle through a quadrant, measured the 
intensities. The MgO blocks were always prepared by smoking 
smooth chalk blocks with burning magnesium ribbon until the 
MgO coating was about 0.5 mm thick. The results with different 
blocks were very closely the same. The correction to be applied 
if one assumes reflection according to Lambert’s law when the 
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18 Benford, Schwarz, and Lloyd, J. Opt. Soc. Am. 38, 964 
(1948). 


angle of observation is 45° can be found as a function of wave. 
length from Table I. 


8. Scattered Radiation 


Small corrections, amounting to less than one percent of the 
total light measured, were applied for scattered radiation from the 
monochromator and for luminescence of the quartz window and of 
pure E.P.A. 


9. The Photomultiplier Tube 





This was mounted behind a pair of collimating slits which 
defined the area of the photo-cathode to be used in all the experi- 
ments. None of the luminous area of the sample was occluded by 
this slit system. Readings were taken with a galvanometer in the 
anode circuit.of the tube. The response vs wavelength curve for 
the phototube-galvanometer combination shown in Fig. 7 was 
determined before and after the quantum yield runs by two 
methods to be described elsewhere.!® The curve is believed to be 
accurate to 8 percent (standard deviation from the mean). In 
making the runs, the photomultiplier housing and slit system 
was rotated about its own axis through the photocathode to give 
maximum readings from the MgO surface. This resulted in cor- 
rect orientation when the sample was turned into place. 














Ill. ANALYSIS OF DATA 






The galvanometer readings must be converted to 
quantum readings for both the MgO surface and the 
E.P.A. solution. At least 99 percent of the incident 
light was absorbed in the first 6 mm of the sample; 
hence, the luminescence was entirely within the field 
of the phototube slit system and no corrections for 
fraction of light absorbed have to be made. The con- 
centrations in the E.P.A. solution were low enough so 
that concentration quenching was nearly always negli- 
gible, as our results show. The reabsorption of fluo- 
rescence was assumed to be negligible for the following 
reasons: (1) the extinction coefficient at the wavelengths 
where the exciting light was absorbed was always at 
least fen times that in the limited wavelength region 
where fluorescence can be absorbed. (2) The fluores- 
cence was measured on the face that was excited. (3) 
The temperature was too low for absorption below the 
frequency of the O—O band to be appreciable. One 
can show that if light is completely absorbed in 4 




















TaBLeE I. Reflective properties of magnesium oxide surfaces 
A comparison of the total energy reflected, as determined by 
graphical integration of measured angular intensities, with the 
energy calculated from a single reading of the surface intensity at 
an angle 45 degrees from the normal with the aid of Lamberts 
law. All values are normalized to the graphical results. 



























Ias° and 
Wavelength Graphical Lambert's Law 
2537 1.00 1.01 
2652 1.00 1.01 
2803 1.00 1.01 
2967 1.00 1.01 
3125-31 1.00 1.01 
3341 1.00 1.01 
3650-63 1.00 1.02 
4046-77 1.00 1.02 














19 E, H. Gilmore and R. H. Knipe, Phys. Rev. 85, 764(4) 
(1952). 
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ABSOLUTE LUMINESCENCE 


medium having an extinction coefficient «, and the 
fuorescence is emitted from the illuminated face in a 
gectral region where it is absorbed with an average 
extinction coefficient of é, then the ratio of quanta 
observed coming from the illuminated face to the 
sumber that would have been observed with no re- 
absorption is 
R=e,/ €; + é. 


Since the region of overlap between absorption and 
emission in the low temperature runs is small, and 
«Xe, we find R™1, and no correction need be applied. 
The conversion of the readings to quanta and the 
calulation of the quantum yield were carried out ac- 
cordingly, as described in the next two sections. 


1. The MgO Readings 


If F is the light flux in erg/sec incident on the MgO surface, 
then ,=F/hvg is the corresponding number of quanta/sec at 
the frequency vg. Also, 


m/2 (0 
F=2n f ae sind, 


where J(@) is the reflected intensity in erg/sec/unit solid angle in 
the direction @ and f," is the reflectivity factor for the MgO sur- 
face at frequency vg. In terms of the galvanometer reading D, 
we have 


I(6) om. Xa 
kSq cosa fat 
where R is the distance of the emitter from the rear (smaller) 
dit of the phototube, a@ is the angle of observation, which we set 
equal to 2/4, fat is the transmission of the window between the 
emitter and the phototube, S, is the relative spectral sensitivity 
of the phototube at frequency va, and k is a constant geometry 
factor to convert Sg into absolute units. The constant cancels out 
when the ratio of the rigid glass readings to the MgO readings is 
taken. Thus, the number of quanta falling on the MgO surface, 
in terms of the galvanometer reading, is 


VirR?D, 
8 TinaheTeSe “6 


2. Solution Readings 


The number of quanta reaching the sample in the E.P.A. is 
the same as the number falling on the MgO surface except for the 
tansmission loss in the window over the sample. The number of 
quanta is, therefore, ®gfa° where f,° is the window transmission. 
let I, be the intensity of light emitted from the sample at fre- 
quency vy, measured in arbitrary units. Relative spectral intensity 
curves for the compounds studied, i.e., J, vs v curves, were deter- 
mined by methods described in 3. Using the results given in II-4, 
ad assuming isotropic emission from the sample within the 
EP.A., the intensity observed at an angle of 45° to the surface 
tormal will be related to the actual intensity, J,, by 


I(r/4, v)=1,f,¢f,4(2n?—1)-4, 


There J,“ is the transmission of the window over the sample, f,* 
Sthe transmission of the window between the emitter and photo- 
cell, and (2n?—1)-4 is the index of refraction correction. The con- 
tribution to the galvanometer reading caused by light having 
fequencies between » and v+d?p is 


kS,I (2/4, v) 
Ss 
Vhere # is the constant defined in part 1 of this section, S, is the 
ectral sensitivity of the photocell at frequency v, and R is the 
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Fic. 7. Relative spectral sensitivity of the 
1P-28 photomultiplier tube. 


distance from sample to rear slit of the photocell collimating 
system. Making the substitution for /(#/4, v) and integrating over 
the frequency range gives the value of the galvanometer reading 
in terms of J,. Since the ratio of two galvanometer readings will 
be equal to the ratio of the number of quanta for a given intensity 
distribution, the number of quanta per unit solid angle coming 
from the sample will be ®.=(D-'/Dz) S (I,/hv)dv, where D;’ is an 
observed galvanometer reading. Integrating over a sphere for the 
isotropic emitter and multiplying this result by 4 gives the 
total number of quanta emitted by the sample. This result is 
divided by the number of quanta incident on the sample to obtain 
the quantum yield, 


[G/)av 
J be ‘fee fu"(2n?—1)-4,S,dv 


Dé eS ofa fa 


(2) 
De fa 





Q=2v2 


The evaluation of the-integrals is discussed in 4. 


3. Relative Spectral Emission Curves 


Relative spectral emission curves were determined using the 
monochromator with a photomultiplier mounted at the exit slit. 
A mercury-rare gas discharge tube in the form of a U was placed 
around the entrance slit assembly. This illuminated the sample 
which was a molded rectangular block of E.P.A. solution placed 
in a small quartz Dewar in front of the slit. The discharge tube 
gave nearly pure 2537A radiation and, therefore, did not interfere 
with the luminescence readings. The combination of phototube 
and monochromator was calibrated for relative spectral response 
with a tungsten lamp operated at a known color temperature with 
corrections for the emissivity of tungsten.” The calibration was 
extended to 2700A by using a quartz jacketed lamp. The emission 
curves of the compounds studied were plotted out point by point 
using this apparatus. Several of them are shown in Figs. 8 and 9. 


4. Evaluation of the Integrals 


It was found that only about 2 percent error was introduced 
by taking the average of the window transmissions and of the 
index of refraction corrections over the frequency range of the 
emitter. Therefore, we evaluated only fr;"(/,/v)dv and Jr,"S,1,dv. 
This was done graphically. 


IV. RESULTS 


The results of the quantum-yield measurements are 
listed in Table II. Both the fluorescence yields (Q,) 
and the phosphorescence yields (Q,) are given. The 
ratios of the two kinds of emission are given in Table 
III. The ratios are not as accurately measured as might 


20 W. E. Forsythe and E. Q. Adams, J. Opt. Soc. Am. 35, 108 
(1945). 
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Fic. 8. Relative spectral emission curve of benzophenone 
in E.P.A. at 77°K. 


be desired. Perhaps a photographic method would give 
better results. 

The principal source of error is the spectral response 
curve of the photomultiplier tube. Individual points on 
this curve are known with an accuracy of only 8 per- 
cent. Since the quantum yields probably do not de- 
pend on the wavelength of the exciting light, the 
differences in Q values for different wavelengths prob- 
ably represent the errors in the knowledge of the 
spectral response curve. The probable error assigned 
to each value of Q in Table II has as its main con- 
tributor the uncertainty in the spectral response curve. 
Other contributors are the fluctuations in the galvanom- 
eter readings, in case the light intensity is low; the use 
of averaged window transmissions and refractive index 
corrections; and the values of the reflectivity of the 
MgO surface and the refractive index of the E.P.A. 

The effect of concentration on the quantum yield 
values is also shown in Table II. There is no clear cut 
evidence of concentration quenching in the solid solu- 
tions, although this might explain the small decrease in 
the Q values for benzophenone at high concentrations. 
The Q values drop off at very low concentrations in 
some cases, and this is because of the spreading of the 
luminous area and its partial occlusion by the cell wall. 

The intensity of the exciting light used was very 
low; not over 10" quanta per second. Simple calcula- 
tions show that for the lifetimes of the metastable 
triplet states of the molecules we studied and for their 
probable triplet-triplet absorption strengths for the 
exciting light used, the intensity of the latter must be 
on the order of 10% quanta per second before photo- 
chemical processes of the second order in the quanta 
can affect the quantum yields. Thus, our results are 
limiting quantum yield values for light intensities 
where second-order quantum processes may be neg- 
lected. 


V. DISCUSSION 


The results confirm what had been qualitatively 
observed, namely, that some compounds are efficient 
emitters while others are very inefficient. The radia- 
tionless processes are, therefore, important in some 
cases and affect the values of the radiative transition 
probabilities calculated as in reference 16 from the 
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measured radiative mean lifetimes of the upper states, 
The reasons for one molecule being an efficient emitter 
and another being inefficient have not been investigated 
in this research. It is known, however, that photo- 
chemical action accounts for some but not all of the 
radiationless loss of energy.”! Other radiationless proc- 
esses are indicated in Fig. 1. If the only radiationless 
process involving the state 7; is S;~7i, the mean 
lifetime of JT; would equal its natural lifetime, except 
for possible solvent effects which will be discussed later, 
In the present discussion, solvent effects will be ig- 
nored. The long lifetime of the triplet state, 7), how- 
ever, makes it particularly susceptible even to minor 
perturbations which convert electronic energy into 
heat. If we assume that all the radiationless processes 
leading to the ground state or to photochemical prod- 
ucts originate in the triplet state, 71, then the natural 
lifetime 7," of 7, will be related to its measured life- 
time 7,° (in the solid solution) by 7," =7,°(1—¢r)/¢,. 
The values of the so-called natural lifetime calculated in 
this way are listed in Table IV for the compounds we 
have studied. If radiationless processes originate in 
other states, these 7," values will be too great. We 
need additional information, therefore, to know 
whether or not to apply the entire correction to the 
measured lifetime values. The correct natural life- 
times must, however, lie between the two values given 
in the table. 

One way to tell if these corrections should be applied 
is to compare the measured lifetime with the singlet- 
triplet absorption strength. The latter should not be 
affected by the radiationless processes which depopu- 
late the state 7). The relation between lifetime and 
absorption strength has not been tested very thoroughly 
for molecules, but is probably valid within a factor of 
two.” The bulk of the data needed for this comparison 
must be obtained in a future research, but one example 
is available. The integrated absorption strength of the 
well-resolved S—T band of bromo benzene leads to 4 
triplet state lifetime of 0.0015 seconds. The indirectly" 
measured lifetime of the triplet state is 0.0001 seconds. 
There is no fluorescence and the quantum yield is to 
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Fic. 9. Relative spectral emission curve of benzene 
in E.P.A. at 77°K. 






21 Gibson, Blake, and Kalm (unpublished work in this labo 
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Benzoph 
0.0114 
0.0033 
0.0011 
0.0033. 
0.0001 


Acetophe 
0.0341 
0.0101 
0.0034. 
0.0010. 


Acetone 
0.259M 


Benzene 
0.10M 
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Fluorober 
O.11M 
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0.00321 
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0.09. 
0.03. 
0.009. 
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low to measure accurately, but is of the order of 0.01. 
The corrected lifetime is, therefore, about 0.01 sec, six 
times the value from absorption. It is thus likely that in 
this case the entire correction should not be applied. 

It is interesting to compare the quantum yields for 
benzene, fluorobenzene and chlorobenzene. The fluores- 
cence rate of fluorobenzene should be about three times 


TABLE IT. Quantum yields measured in E.P.A. (see text) 
at 77°K. 








Wave number of exciting radiation 


Compound and . 
39,400 cm~! 37,700 cm=! 35,700 cm~! 33,700 cm~ 


concentration 





Benzophenone 
0.011! Qp 0.47+0.04 0.46-+-0.04 
0.0033M Qp 0.53+0.05 0.5340.05 
0.001114 Qp 0.59+0.05 0.582-0.05 
0.0033.M Qp 0.56+0.05 0.54+-0.05 
0.00011M Qp 0.49+0.04 0.45+-0.04 


Acetophenone 
0.034. Qp 0.44+0.03 0.41+0.03 0.39+-0.02 
0.010M Qp 0.45+0.03 0.44+0.03 0.39+-0.03 
0.0034.M Qp 0.44+0.03 0.41+-0.03 0.44+-0.03 
0.0010 Qp 0.47+0.03 0.41+0.03 0.44+0.03 


Acetone 
0.259 Qp 0.03+0.01 


Benzene 
0.10M Qp 0.18+0.02 0.17+0.02 
Qr 0.18+0.02 0.17+0.02 
0.03M Qp 0.16+0.02 
Qr 0.16+0.02 


Fluorobenzene 

0.11 Qr 0.16+0.02 0.17+-0.01 
0.032 Qr 0.15+0.01 0.19+0.01 
0.011 Qr 0.14+0.01 0.16+-0.01 
0.0032M Qr 0.16+0.01 0.19+-0.01 


Chlorobenzene 

0.09M Qp 0.03+0.02 0.0340.02 
0.03. Qp 0.02+0.02 0.04+0.02 
0.009. Qp 0.05+0.02 0.07+0.02 


Bromobenzene 
0.098M, 
0.029, 
and 0.0098 


0<Qp<0.02 0<Qp<0.02 


Naphthalene 

0.10M Qp 0.07+0.01 0.06+0.01 0.06--0.01 
Qr 0.39+-0.02 0.38++0.02 0.37+-0.02 

0.01 Qp 0.07+0.01 0.07+0.01 0.07+0.01 
Or 0.39+0.02 0.43+0.03 0.41+0.02 

0.001 Qp 0.06+0.01 0.06+-0.01 0.06+-0.01 

Qr 0.32+0.02 0.32+0.02 0.39+-0.02 


Triphenylene 
%X10“M Op 0.36-£0.03 0.3640.03 0.38--0.03 0.37+0.03 
Qr 0.03+0.01 0.03+-0.01 0.034-0.01 0.03+-0.01 








the rate for the other two, judging from the absorption 
‘ttengths. Both the substituted compounds have lower 
‘otal quantum yields than benzene and therefore radia- 
lionless processes act more rapidly in the substituted 
‘ompounds than in benzene. The fact that fluoroben- 
#né has as much fluorescence as benzene may be 
‘onnected with its shorter lifetime in the S; state. 
Compared with benzene, its more rapid fluorescence 


TABLE III. Quantum ratios of phosphorescence to 
florescence for three aromatic hydrocarbons. 








bp/bp 
1.0 +0.2 
0.17+0.08 
+2 


Compound 
Benzene 
Naphthalene 
Triphenylene 12 








competes successfully with the more rapid radiationless 
process. The fact that chlorobenzene displays only 
phosphorescence (7;—G) while fluorobenzene displays 
only fluorescence (S;—G) may be connected with the 
greater rate of internal conversion from singlet to triplet 
state in chlorobenzene as compared to fluorobenzene** 
and the slower fluorescence rate of chlorobenzene (as 
measured by its weaker absorption). As Kasha”> has 
pointed out, spin-orbit coupling should affect the radia- 
tionless intercombination in the same way as it affects 
radiative intercombinations. The greater effect of the 
chlorine atom on the spin-orbit coupling in chloro- 
benzene compared to the fluorine atom in fluorobenzene 
explains the greater internal conversion rate in the 
former. 

It is interesting to compare the quantum yields of 
fluorescence in solid solution with the quantum yields 
in other phases. Bass and Sponer™ have observed that 
chlorobenzene does not emit fluorescence in the gas 
phase, while benzene and fluorobenzene do. This is 
qualitatively what one observes in the solid solutions. 
The order of magnitude of the luminescence yield of 
acetone is the same in both solid solution and gas. 
Since the luminescence lifetime of biacetyl in the gas 
phase differs by less than a factor of two from that in 
the solid solution,!® the quantum yields are probably 
also nearly the same. Bowen and Williams* measured 
the quantum efficiencies of the fluorescence of benzene 
and naphthalene (among others) in hexane solution 
using the method of Bowen and Sawtell,!® with anthra- 
cene in hexane as the absolute standard (0=0.17). 
Their values were 0.109 for benzene and 0.376 for 
naphthalene. The latter is very close to our value for 


TABLE IV. A comparison of the uncorrected with the corrected 
phosphorescence lifetimes. (Correction valid only under the condi- 
tions discussed in Sec. V.) 








Corrected 
lifetime, sec 


Uncorrected 
lifetime, sec 


Compound 





Benzophenone 0.006 0.010 
Acetophenone 0.008 0.017 
Acetone 0.0006 0.020 
Benzene 7.0 34 
Chlorobenzene 0.004 0.1 
Naphthalene 2.6 22 


Triphenylene 15.9 21 








3 (a) We are indebted to M. Kasha for this suggestion. (b) M. 
Kasha (private communication). 
24 A. M. Bass and H. Sponer, J. Opt. Soc. Am. 40, 389 (1950). 


25 E. J. Bowen and A. H. Williams, Trans. Faraday Soc. 35, 
765 (1939). 
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the solid solution although the benzene value is some- 
what lower than ours. 

One might conclude from these few observations that 
the efficiency of fluorescence is for the most part inde- 
pendent of the state of aggregation in which a molecule 
finds itself. This statement must be qualified in a 
number of ways, however. In the first place concentra- 
tion quenching sets in at higher concentrations in the 
solid than in the liquid, as the excited molecules in the 
liquid may diffuse fairly far during their lifetime and, 
thus, have a greater chance of encountering an unex- 
cited molecule of their own species. Aside from con- 
centration quenching effects and assuming the absence 
of specific quenchers, there are specific effects of solvents 
on the fluorescence yield. Bowen®* has shown that at 
room temperature, the quantum efficiency of rubrene 
is strongly dependent on the nature of the solvent. At 
— 60°C, the quantum efficiency is high and is the same 
in alcohol, acetone, hexane, and some other solvents, 
but it is lower in benzene. This latter result he attrib- 
utes to a weak complex formed between the rubrene 
and the benzene. In hexane, the quantum yield of 
rubrene is independent of temperature. In our experi- 
ments with naphthalene, benzene, and the substituted 
benzenes, it is unlikely that a complex was formed with 
any of the components of the E.P.A. Furthermore, the 
solvent effects found by Bowen at room temperature 
were absent. 

It appears from the discussion of the last two para- 
graphs that the fluorescence efficiency of a molecule 
(of the aromatic molecules mentioned, at least) is a 
property of the molecule which can be depended on to 
be approximately the same in any dense phase, in the 
absence of the disturbing effects which have been 
mentioned. Since the latter all act to reduce the effi- 
ciency, the values we have given are the highest that 
can be attained in any dense phase. The fluorescence 
efficiency of an isolated molecule would, of course, be 


% E. J. Bowen and E. Coates, J. Chem. Soc., 105 (1947). 
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1.00 in the absence of photochemical decomposition, 
As soon as the density of the surrounding medium ex. 
ceeds a certain value, the quantum yield becomes inde. 
pendent of the density. 

This behavior is what one would expect if the only 
function of the surrounding medium were to remove 
thermal energy from the excited molecule. Electronic 
energy of excitation can be converted into thermal 
energy if the potential surface of the fluorescent state 
is perturbed by that of a lower-lying state. The excita- 
tion can then pass to-the lower state while the generally 
large energy difference between the lowest vibrational 
levels of the two electronic states is converted into heat. 
This conversion is not accomplished all at once, but 
takes place by way of a vibrational cascade into the 
lower vibrational levels of the lower state. According to 
this view, the rates of the following radiationless transi- 
tions (shown in Fig. 1) are proportional to the magni- 
tude of the perturbations between the two states con- 
nected by the transition: S;>G, Sr>T2, S;>T,, 
T,—6G, etc. The perturbations on this view are thought 
of as potential surface perturbations within the mole- 
cule and existing there even in the isolated molecule. 
They can only be manifested as radiationless transitions 
when the requirement of energy conservation can be 
fulfilled, and this can only be in the presence of foreign 
molecules whose function is to remove thermal energy 
after the potential surface crossing has taken place. 

As we have already mentioned, it is not possible from 
the quantum yields alone to determine which radia- 
tionless processes actually take place. For example, the 
observed Q; and Q, values for benzene could be in- 
terpreted equally well by having S;~G, 66 percent; 
S;>T), 17 percent; 7;—>G, 0 percent; or S;—G, 0 per- 
cent; S;—7\, 83 percent; T:—-G, 66 percent. We be- 
lieve, however, that with suitable precautions against 
specific solvent effects, absolute quantum-yield values 
measured in solid solution with the necessary auxiliary 
experiments will lead to reliable measures of the intra- 
molecular potential surface perturbations. 
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The Spectra and Electronic Structure of the Tetrahedral Ions MnO,~, CrO,--, and C1l0,~ * 
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We have made use of a semiempirical treatment to calculate the energies of the molecular orbitals for 
the ground state and the first few excited states of permanganate, chromate, and perchlorate ions. The 
calculation of the excitation energies is in agreement with the qualitative features of the observed spectra, 
i.e., absorption in the far ultraviolet for ClOy-, two strong maxima in the visible or near ultraviolet for 
MnO,¢ and CrO," with the chromate spectrum displaced toward higher energies. An approximate calcula- 
tion of the relative f-values for the first transitions in CrO,~ and MnO, is also in agreement with experiment. 

The data on the absorption spectra of permanganate ion in different crystalline fields is interpreted in 
terms of the symmetries of the excited states predicted by our calculations. 





INTRODUCTION 


N the past twenty years the electronic structures of 

many organic molecules, particularly benzene and 
related compounds, have been discussed in terms of the 
molecular orbital and valence bond methods.' During 
the same period the structures of inorganic ions have 
been inferred from the bond distances;? a bond dis- 
tance shorter than the sum of the conventional radii 
has been attributed to the resonance of double bonded 
structures with the single bonded or Lewis structure. 








Fic. 1. Orientation of the orbitals. The orientation of the 
oxygen orbitals relative to the axes on the central atom is 
shown in this figure. The direction cosines of the QO; orbitals are 
1: ~1/3!, —1/34, —1/34; wx: 1/64, —24/3+, 1/64; xy: 1/23, 0, 
~1/24, The direction cosines of the other oxygen orbitals may be 
obtained from these by the action of the twofold axes of Ta, 
which coincide with the x, y, and z axes shown. The central atom 


orbitals are defined with respect to the axes on the central atom. 
es 


*Presented at the Symposium on Molecular Structure and 
Spectroscopy, Columbus, Ohio, June, 1951. 

tAbstracted from the thesis submitted by Max Wolfsberg in 
partial fulfillment of the requirements for the Degree of Doctor 
of Philosophy at Washington University. 

Atomic Energy Commission Predoctoral Fellow. Present ad- 
en Brookhaven National Laboratory, Upton, Long Island, 
New York. 

‘For reference on both methods see R. S. Mulliken, J. chim. 
Phys. 46, 497 (1949). 
. L. Pauling, The Nature of the Chemical Bond (Cornell Univer- 
‘ity Press, Ithaca, 1940). 


It has been shown’, however, that this shortening need 
not necessarily be attributed to double bond formation. 
We hope to come to some conclusion concerning the 
bonding in inorganic molecules from molecular orbital 
calculations which can be checked against the observed 
spectra. 

We have applied to inorganic complex ions a semi- 
empirical method similar to that which has yielded 
significant results in the case of organic molecules and 
have chosen to treat permanganate, chromate, and 
perchlorate ions because the existing data* seem to 
afford the greatest number of tests of the correctness 
of the calculations. 

The tetrahedral ions, PO,=SO,- and ClO; show no 
near ultraviolet absorption whereas the ions, XO¢-, of 
the fourth-row transition elements, which have the 
same number of valence electrons, show characteristic 
visible and near ultraviolet absorption, two strong 
maxima with the corresponding peaks displaced toward 
shorter wavelengths with decreasing atomic number of 
the central atom. This trend is also observed for the 
fifth- and sixth-row transition element compounds. A 
satisfactory theory must account for these differences 
and regularities. 

The relative intensities of absorption calculated may 
be compared with those observed as an additional check 
of the method. 

Data on the absorption of permanganate ion in 
different crystalline fields‘ indicate the existence of 
several excited states to which dipole transitions are 
forbidden in the absence of perturbing effects. The 
correlation of these data with the results of our calcula- 
tions gives important evidence as to their correctness. 


PROCEDURE 


The molecular orbital method in its LCAO form is 
employed. We assume that the nonvalence shell elec- 
trons of X and O are unaffected by the bonding and 
that the X and O nuclei plus these inner shell electrons 
form an effective core into the field of which the mo- 


*K. S. Pitzer, J. Am. Chem. Soc. 90, 2140 (1948). 
‘J. Teltow, Z. Phys. Chem. B43, 198 (1939); Z. Phys. Chem. 
B40, 397 (1938). 
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TABLE I. Molecular orbital combinations—XOQ,, symmetry Ta. 











Irreducible 
X orbitals O orbitals representations 

s (4)[oito2to3+o4 ] A, 
d,%* (3) Cratrretarstra—3arytaryetrystrys) | E 
dz2_y2 (4) Crytorytarystayst 34 (q+ r+ Tr3tTz) | ‘ 
pz, dyz lle ls, (4) Creat e2— 21 — 723 tt 34a yt7y2—Ty— Ty) | 
Py, dre (3)Loito2—o3—o4] ($)[4sit722—T23—Tr4 T; 
Pe, dey (3) Loitos—o2—0;3 | (3) Lares tre2— tri — Trat34 (ryt y1—Ty2—T ys) | 

( 3) [arye+ Ty4— Ty3— Ty +34(riitaes “ts Tr4) J T; 


Ty Ty2— Ty3— Wy 


(D)Layet ays — ty — 7 yat34(a22+-723— 421 — Tz) | 








8 The designation of the d-orbitals is that given by Eyring, Walter, and Kimball, Quantum Chemistry (John Wiley and Sons, Inc., New York, 1944). We 


lecular electrons are to be placed. Thus we consider 
only the 3d, 4s, and 4p atomic orbitals of the central 
atoms (3s and 3 in the case of Cl) and only the 2p 
atomic orbitals of the oxygen atoms in constructing the 
molecular orbitals. In the case of the molecule ions here 
discussed twenty-four electrons are to be placed in the 
molecular orbitals, the ground state being constructed 
by placing twenty-four electrons in the lowest-lying 
molecular orbitals. 

In setting up molecular orbitals for a system possess- 
ing equivalent atomic orbitals on equivalent atoms one 
finds that the requirement that the individual molecular 
orbitals belong to irreducible representations of the 
point symmetry group of the system determines im- 
mediately the relative coefficients with which these 
equivalent orbitals enter into the final molecular 
orbitals. With the oxygen orbitals and X orbitals 
oriented as in Fig. 1, one finds by standard group theo- 
retical methods® the irreducible representations to 
which the central atom orbitals belong and determines 
the appropriate linear combinations of oxygen orbitals 
transforming according to the same rows of the same 
irreducible representations as the central atom orbitals. 
The final results are shown in Table I. The sets of 
combinations of oxygen orbitals are considered nor- 
malized, the overlap of oxygen wave functions being 
neglected for the time being in view of the qualitative 
nature of our calculations. 

The calculations of the molecular orbital energies 
(which we employ in the same manner as is usual in 
the semiempirical methods for organic molecules) and 
the evaluation of the coefficients of the atomic orbitals 
and sets of atomic orbitals in Table I in the final 
molecular orbital requires the solution of secular deter- 
minants (one for each irreducible representation) of 
the form |H;;—Gi;e|=0, where H;; has its usual 
meaning and G;; is the group overlap integral to be 
further defined later. It is seen from Table I that this 


5E. Wigner, Gruppen Theorie und ihre Anwendung auf die 
Quantenmechanik der Atomspektren (Friedr. Vieweg und Sohn, 
Braunschweig, 1931). 


have also used throughout the group theoretical symbolism which is essentially that of these same authors. 








involves the solution of a quartic for the orbitals with 
symmetry 7, and quadratics for the orbitals of sym- 
metries E and A. The orbital of symmetry 7, will be 
nonbonding and is fully determined by symmetry 
considerations. 

The values of H;; (the energy of an electron in the 
ith orbital in the field of the nuclear skeleton and the 
remaining valence electrons) have been used essen- 
tially as parameters in the solution of the equations for 
the case of chromate ion. The values were chosen not 
greatly different from the valence state ionization po- 
tentials* for Cr® and estimated for oxygen from the 
ionization energies of some inorganic compounds in 
which the formal charge on oxygen has been estimated 
to be in the neighborhood of minus one-half. The values 
thus obtained were altered by trial and error to satisfy 
the following requirements: (1) the first and second 
excitation energies should be at least qualitatively 
correct and (2) the resulting charge distribution should 
lead to formal charges approximately those assumed in 
setting up the atomic orbital wave functions. The values 
of H;; for permanganate were then obtained from the 
chromate values by varying them in accord with what 
seems reasonable chemically; the oxygen and central 
atom should be somewhat less negative and the values 
of H;; should correspondingly decrease. The values 
assumed are shown in Fig. 2. For oxygen we have 
assigned H,, smaller values than H,, to take into 
account the fact that the o-orbitals penetrate farther 
into the region of positive charge on the central atom. 
That this is not unreasonable is indicated by the re- 
sults of a more exact calculation for the CO» molecule! 
in which the calculated H,, for the oxygen atoms was 
found to be considerably lower than for the H;;. 

The values of H,; we have approximated by setting 
them proportional to the corresponding overlap integrals 
according to the following relation: 


H,=F G(i, j)(Hiit+H;;)/2. 


6R. S. Mulliken, J. Chem. Phys. 2, 782 (1934). 
7J. F. Mulligan, J. Chem. Phys. 19, 347 (1951). 
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SPECTRA OF MnO,.-, CrO,.--, AND C1l0O,47 


The G(i, 7) are the “group overlap” integrals, for 
example: 


f4sco ‘3(o,+o2+03+04)dr=GA((s, o). 


These may be obtained in terms of the simple o and 7 
diatomic overlaps® (S;;) by expressing the central atom 
orbitals in terms of a linear combination of equivalent 
orbitals oriented relative to the axes on the oxygen 
atoms. 

The relationship between the G;; and S,; is given in 
Table II and the values of G;; for the three cases under 
discussion are given in Table III. The group overlap 
integrals calculated using wave functions derived by 
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Fic. 2. The calculated molecular orbital energies for 
MnO, Cro; and ClO,. 


the Slater formulas® were found to give results which 
could not be reconciled with experiment. In particular, 
the G,(s,o)’s were so small that the first excited 
orbital was one of symmetry Aj. As will be seen later, 
this is in disagreement with the spectra. The Slater 2p 
and 3d atomic wave functions differ radically from the 
self-consistent field functions. We have therefore de- 
tived a general set of analytic atomic wave functions” 
which more closely approximates the existing self- 
consistent field functions and, with the exception of the 


ee 


*For the system of coordinates used and general method see 
‘liken, Rieke, Orloff, and Orloff, J. Chem. Phys. 17, 1248 
9). 


"J. C. Slater, Phys. Rev. 36, 57 (1930). 

“The general form of these functions and a discussion of the 
<2 of obtaining them will be submitted for publication in the 
near future. 


TABLE II. 








G72(d, «) =(2/v3)S(do, po) 
Gr2(d, r) = (2V2/v3)S(dr, pr) 
Gr2(p, a) (2/V3)S(po, po) 
GT2(p, r) = —(2v2/v3)S(px, pr) 
Geld, x) =(2v2/V3)S(dr, pr) 
GAx(s, ¢) =2S(s, po) 








(4p, x) overlaps, these functions have been used to 
calculate the values in Table III. The values of 
Gr2(4p, «) and Gr2(4p, r) we have estimated from the 
calculations using Slater orbitals by varying the values 
in accordance with the trends observed in the Gr2(3d, x) 
from CrO,- to MnO,-. This is certainly a doubtful 
procedure but, since the omission of the 4 orbitals 
from the calculation entirely produces no qualitative 
change in the energy levels§ or the relative intensities, 
we do not feel that this approximation is serious for 
our present purposes. The values of F, employed were 
F,=1.67 for o overlaps and F,=2.00 for z-overlaps. 
These values are in moderately good agreement with 
those found by us to give satisfactory results in making 
calculations of the energy levels of homonuclear di- 
atomic molecules of first and second row elements. 
These values are F,=1.6, F,=1.87. 

With the simplifications outlined above the solution 
of the secular equations is straightforward and leads 
to the energies of the molecular orbitals illustrated in 
Fig. 2. The twenty-four valence electrons are to be 
placed in the orbitals of lowest energy. It is seen that 
there exist four /2 orbitals (threefold degenerate) each 
capable of holding six electrons. The orbital 1/.|! is 
strongly bonding and 2/2 slightly bonding while 3, 
and 4/. are antibonding. In addition there are two e 
orbitals (twofold degenerate), 1¢ strongly bonding and 
2e antibonding. The strong bonding of the 1e electrons 
is 7-oxygen bonding with the central atom and may be 
considered as similar to the effect of double bonding 
in the simple valence bond treatment. It is to be re- 
marked, however, that the stability of the le orbital 
as given by our calculations is much greater than is 
ordinarily attributed to the z-electrons in a double 


TABLE III. 








G MnO;- Cros" ClO4- 


G72 (p, 2) 0.10 0.00 0.33 
G72 (p, x) —0.25 —0.20 —0.26 
G72 (d, a) 0.12 0.11 vee 
GT» (d, m) 0.15 0.18 
Ge (d, 7) : 0.32 vee 
GA, (s, a) j 0.27 0.56 








§ The fact that the neglect of the 4/ orbitals in the CrO," and 
MnO; cases lead to no qualitative change in the calculated 
orbital energies has led us to neglect also the 3d orbital in the 
ClO, calculation. For this case the 3p—3d separation is certainly 
greater than the 3d—4p separation in MnO, and CrO,". 

|| We are using here a notation similar to that used in atomic 
structures, designating molecular orbitals of a given symmetry 
by numbers 1, 2, 3, etc., in order of increasing energy. 
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TABLE IV. Calculated and observed excitation energies. 


M. WOLFSBERG AND L. HELMHOLZ 











MnO«~ CrO«" ClO«4- 
Obs Calc Obs Cale Obs Calc 
1st transition 2.29 ev 1.68 ev 3.25 ev 2.42ev 6ev 5.23 ev 
2nd transition 3.96 2.78 4.59 3.15 tee nee 








bond in the valence bond treatment.{{ There exist 
further two a; orbitals, one bonding (1a;), and one anti- 
bonding (2a;). Finally there is one nonbonding oxygen 
orbital, ¢, (threefold degenerate). Placing the twenty- 
four electrons in the lowest lying orbitals gives the 
ground state: 


(1e)*(142)®(1a;)?(2t2)®(41)® with symmetry Ai. 
RELATIVE EXCITATION ENERGIES 


The first excited orbital has the symmetry 72, and 
it is assumed that the first absorption maximum corre- 
sponds to the excitation of a nonbonding 4; electron to 
the lowest-lying unfilled orbitals 3/2. Such an excitation 


(1e)*(1t2)®(141)?(2t2)®(t)®&> 
(1e)4(1t2)®(1a1)?(2t2)6(t1)°(3t2)! 


gives rise to four states of symmetries Az, E, Ti, and 
T: (both singlet and triplet states, of which only the 
singlet states are considered here since no spectral evi- 
dence of the triplet states has been found). For the 
symmetry T, only the transitions A;—~T> are allowed 
for dipole radiation. Transitions to the other levels are 
forbidden in the absence of perturbing effects but are 
observable in the spectra of solid solutions of MnO, 
in KClO,4, NaClO,, etc., and will be discussed later in 
connection with these spectra. 

The second excitation according to Fig. 2 should in- 
volve the excitation of an electron from the 2, orbital to 
the 3¢2 orbital which is at least partially bonding. The 
resulting configuration, 


(1e)*(1t2)®(101)?(2t2)5(t1) ®(3t2)", 


gives rise again to four states of symmetries A;, E, 7, 
and 72. The second maximum characteristic of the 
MnO- and CrO- spectra is accordingly attributed to 
the transition from the 'A; ground state to the 'T: 
state of this configuration. The existence of the states 
to which transitions are forbidden is not so clearly 
given in this case by the crystal absorption data be- 
cause of the diffuseness of the spectra. The presence of a 
T, state, however, seems reasonably certain. 

If the assumption is made that the energy absorbed 
in the transition '4;—'T, is equal to the difference in 
energy of the final and initial molecular orbitals for the 
first transition, ¢tz—et:, then the calculations show 


{ We have also computed molecular orbital combinations and 
group overlap integrals for symmetries D3,, O,, and D4. It again 
would appear that bonding between R atom orbitals and z-orbi- 
tals on X in compound-RX,, is of no small importance. Thus in 
predicting configurations of complex molecules one probably has 
to consider such bonding in addition to the usual single bonding. 








qualitative agreement with the experimental data, 
This assumption is incorrect, and in more exact calcula. 
tions terms of the type neglected here have been shown 
to be far from negligible. The correct expressions for the 
energies of the transitions involving the excitation of a 
t, electron to the 3¢2 orbital are given in the appendix. 

Table IV shows the calculated and observed energies 
of transition in the three ions considered here, and it js 
seen that the first absorption by ClO, lies well into the 
ultraviolet and MnO, and CrO;- show two maxima 
in the visible and near ultraviolet. The rather surprising 
quantitative agreement probably arises from the em- 
pirical nature of our calculations. This agreement can 
be improved by changes in the values of the H;,s 
and the F,’s, but these changes are limited severely 
by the requirement that the intensities of absorption 
be given correctly. 





INTENSITIES OF ABSORPTION 


Evaluation of the transition moments has been 
carried out for the allowed transitions neglecting all 
integrals except those over the same atom. The results 
can be given in terms of the coefficients of the various 
atomic orbitals making up the molecular orbitals in- 
volved. The f-value (oscillator strength) for the first 
transition is found (with the above assumptions) to 
depend on the coefficients of the m-combination in the 
3tz orbitals and is 


ft, 3t2= (82? mcv/3h)3Sh’, 


where S is the projection of the X—O bond on the « 
or y or z axis (see Fig. 1) and h is the coefficient of the 
m-combination in the excited state, v is the average 
frequency (observed wave number) in the absorption 
band. The observed f-values for this first transition are 
f(MnO,-)=0.032 and f(CrO.=)=0.089; those calcu- 
lated are 0.076 and 0.22, respectively. Of more signili- 
cance for our qualitative calculations, perhaps, is the 
ratio of f(MnO,-)/f(CrO-), which is calculated to be 
2.62 and observed 2.9. The ratio of the f-values of the 





llc 


F | es =_ 


T ' , T 





Il b 





to | —* 
' : 


Th I. inal 


© cme" 10"* : 
Fic. 3. The portion of the spectrum of permanganate ion dé 
solved in KCIO, corresponding to the first allowed transiti0- 
The position and relative intensities only are indicated. 
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Fic. 4. The spectrum of permanganate ion dissolved in NaClO, 
in the region corresponding to forbidden transitions. The dotted 
line in the spectrum parallel to a is the assumed position of the 
vibrationless transition A1— A, (of £). The indicated separations 
were obtained by measuring a similar diagram given by Teltow 
and are consequently subject to considerable error. 


first and second transitions can also readily be calcu- 
lated with the same assumptions as above and the 
neglect of the central atom integrals. The ratio is 
calculated 1.17 for permanganate and observed 1.99. 
The results for chromate are qualitatively in error 
giving 0.71 calculated and 1.20 observed. 


SPECTRA OF MnO; IN DIFFERENT SOLID 
SOLUTIONS 


Potassium permanganate and potassium perchlorate 
are isomorphous with very nearly the same unit cell 
dimensions. It should be possible therefore to dissolve 
appreciable amounts of MnO, in the perchlorate 
lattice without great distortion. The site symmetry of 
the perchlorate (permanganate) ions in this lattice is 
C,, that is, of all the symmetry elements of the free 
MnO," ion the only one remaining in the solid solution 
isa plane of symmetry which lies perpendicular to the 
b axis of the crystal. In this environment the 7; state 
should be completely split into two A’ states and one 
A” state of symmetry C,. The transition A’—A’ is 
allowed with the electric vector parallel to the a—c 
plane and the transition A’—A” with the electric 
vector perpendicular to this plane, that is, parallel 
to the b axis. The portion of the spectrum of per- 
Manganate involving the first allowed transition is 
shown in Fig. 3. With E parallel to a and ¢ axes one 
observes doublets with a splitting of about 30 cm™ 
which one would expect from a slightly perturbed T» 
state in symmetry C;. With the electric vector parallel 
to 6 one finds, again in agreement with prediction, 
Single lines. The relatively large f-value for this ab- 
sorption indicates that it is probably an allowed transi- 
tion 'A,;+!T,, The splitting of the level in the field of 
symmetry C, renders this conclusion almost certain. 

Of greater interest for our purposes is a discussion of 
the portion of the spectrum corresponding to the lower 


CrO,4--~, AND C10,47 841 
energy forbidden transitions of MnO,-. A calculation 
of the relative energies of the states arising from the 
configuration (¢)*(1t;)®(2t2)®(1a1)?(t,)5(3¢2)! has been car- 
ried out (see Appendix), again, as in the calculation of 
f-values, with the neglect of all integrals except those 
over the same atom. This calculation gives the energies 
of the states in the order of increasing energy A», E, 
T,, and T;. One should accordingly expect to find evi- 
dence of transitions to the A», E, and 7; states on the 
long wavelength side of the first strong absorption 
maximum. 

This region of the spectrum for MnO; dissolved in 
anhydrous NaClQO, is shown in Fig. 4. The site sym- 
metry of the tetrahedral ions in this lattice is C2,. The 
degenerate levels should be completely split in this 
symmetry, the symmetries of the resulting states (in 
Cx») and the polarization of the transitions rendered 
allowed by the perturbation are given in Table V. As 
indicated in this table a T; state in a field of symmetry 
C2, should show absorption with electric vector parallel 
to the 6 and ¢ axes, for an E state absorption with 
electric vector parallel to the a axis, the direction of the 
twofold axis at position of the ion. The spectrum in the 
region II (Teltow’s designation) corresponds precisely 
to what one would expect from a 7; state.** 

There is no way of regarding the region designated 
by JI’ as a continuation of the bands JJ. The strong 
absorption with E parallel to a would (Table V) then 
correspond to a transition A; of C2—A,(C2) arising 
from an E state of Tz. In order to classify the spectra 
it is necessary to assume that the vibrationless transi- 
tion A;—A, (of E) does not appear. This is a phe- 

TABLE V. Only the transitions of importance to our calcula- 
tions are listed in the table. Transitions from the A; ground state. 


The polarizations are given relative to the crystal axes of the 
indicated structures. 








Allowed 
transitions 


C, (KCIO,) 
A , 


A” A'—A! 
A’+A” 

A"+A"+A’' 
A"+A'+A’ 
C2» (NaClO,) 
Ay A,;—A, t l| a 


polarization 


Il @, I ¢ 
A'—A"”" \| b 


Ag 

Ai+A2 

Aot+Bi+B:2 

A;+B,+B:z 

C3» (LiClO,4) 
1 

4 he~he IIc 

A otE A 1—A 2 forbidden 

AitE 


Ai—Az forbidden 
A,—B, || b 
Ai—B, \| ¢ 


A,i—E llc 








** The a and b axes given in Fig. 4 are the } and a axes given 
by Teltow. He expressed doubt as to the correct assignment of 
axes and gave the axes in terms of the optical axes of the crystal. 
Because of the suggestion contained in our calculations we have 
correlated x-ray pictures with the optical constants and have 
found that, indeed, Teltow’s a and } axes should be interchanged. 
For assistance with this work we are indebted to Professor A. F. 
Fredrickson of the geology department of Washington University. 
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TABLE VI. 
Obs Calc 
(cm~!) I E T1 E T1 Transition 
|b 14,446 0.5 0 0 A’ —A"(E) 
14,526 0.3 80 808 —A’(E) +001 
14,592 0.2 146 1518 —A"(E) +002 
14,681 0.05 0 —A’(T1) 
14,844 0.2 398 ee —A"(E) +02(E)> 
15,172 0.3 491 vee —A’”(T1) +04(T2) 
15,246 0.9 800 ee —A"(E) +01(A1) 
15,324 1.0 878 880 —A"(E) +01(A1) +0! 
15,472 0.2 791 cee —A"(T1) +01(A1) 
15,620 0.2 1174 1198 —A’(E) +01(A1) +22(E) 
15,958 0.2 1277 1282 —A"(T1) +01(A1) +04(T2) 
16,049 1.0 1603 1600 —A"(E) +211(A1) 
16,117 1.0 1671 1680 —A!"(E) +201(A1) +20! 
16,256 0.2 1575 1582 rr ey 
2 371(A1 
16,860 0.5 2414 2440 {4k +30:(A1) +00! 
|| @ 14,460 0.0 0 0 —ANE ) 
14,567 0.1 107 80 —A’(E) +v0! 
14,632 0.2 172 151 —A’(E) +00? 
14,670 0.0 0 0 —A'(T 1) 
14,793 0.15 123 151 —A’(Ts) +00? 
15,002 0.15 542 491 Tey ee, 
1 V1 1 
15,538 0.6 868 867 —{40(T1) +01(A1) +00? 
15,793 0.1 1333 1291 —A’(E) +01(A1) +04(T2) 
_fA’(T1) +201(A1) 
16,320 0.6 1650 1658 (473 +291(A1) +0? 
°( T1) +301(A1) 
17,078 0.4 2408 2449 -{4 Ar) Teta} tee 
||c 14,460 0.0 0 0 A'—A'(E) 
14,605 0.1 145 151 —A'(E) +00? 
14,670 0.0 0 0 —A'(T1) 
14,705 0.1 35 80 —A'(T1) +00! 
14,962 0.06 502 491 —A’(E) +v4(T2) 
15,260 0.3 800 800 —A’(E) +01(A1) 
15,342 90.2 882 880 —A’(E) +01(A1) +00! 
15,460 0.4 790 791 —A’(T1) +21(A1) 
15,640 0.2 1180 1198 —A’(E) +1(A1) +02(E) 
16,051 0.5 1591 1600 —A’(E) +201(A1) 
16,138 0.3 1678 1680 —A’(E) +201(A1) +00! 
16,252 0.6 1582 1582 —A’(T1) +201(A1) 
16,402 0.2 1942 1998 Tee ea 
V1 1 
16,900 0.5 2440 2440 {4B +31(A1) +91 








2 yo! and vo? are assumed to be lattice frequencies and are taken from the 
1A4,—1T:2 spectrum. 

b y2(X) indicates the frequency of the vibration of the tetrahedral ion 
of symmetry X. The designations are those given by Herzberg, Infrared 
and Raman Spectra (D. Van Nostrand and Company, Inc., New York, 
1945), p. 100. 


nomenon which is met within all the forbidden transi- 
tions in different crystalline fields and one for which we 
have no explanation. The weakest point in the above 
argument is the strong absorption parallel to 6 in the 
region JJ’. With the assumption mentioned above the 
spectra can be ordered, and it is seen that the strong 
absorptions parallel to b coincide (as indicated by the 
dotted lines) with lines parallel to a@ which correspond 
to transitions A;—<A, (in C2,)+lattice vibrations. The 
lattice perturbations in NaClO, are certainly large 
_ compared to those in KClO, as may be seen from the 
splitting of the T, state (200 cm™) and it is perhaps not 
unreasonable to assume that this large perturbation is 
responsible for the large intensity of absorption parallel 
to b in the region JJ’. The intensity of absorption gen- 
erally in this region is of the order of five times that in 
the region JJ. The difference between the characteristic 
vibrational intervais in the two regions offers addi- 
tional evidence that they correspond to transitions to 
different states. 








The ratio of the intensities of the forbidden trangj- 
tions to those allowed is roughly five times as great in 
the case of NaClO, solid solutions as in the case of 
KCIO, indicating again that the perturbation is greater 
in the former case causing a greater mixing of the T, 
wave functions with the E and 7, functions allowed 
in Cop. 

In the KCI10, lattice the site symmetry of the tetra- 
hedral ions is C,. The symmetries of the resulting states 
and the directions of polarization of the allowed transi- 
tions are shown in Table V. The spectrum shows one 
very sharp line (half-width 7 cm) at the long wave- 
length extreme of the bands parallel to b. Close to this 
line there appear two lines, less sharp, which must be 
attributed to an electronic transition accompanied by 
the excitation of a lattice vibration since the intervals 
are too small to correspond to any frequencies of the 
ion even in an excited state. That this is so is also sug- 
gested by the fact that these same intervals occur in 
the allowed spectrum in which the vibrational fre- 
quencies are markedly different. 

The sharp line at 14,446 cm~ is attributed to a 
“vibrationless” transition from the A’ ground state to 
the A” (of C,) state arising from E (of Tz) on the basis 
of the following argument: if this transition were 
A’—A" (of T; in Ta), one would expect to observe a 
doublet since 7; splits into two A” states in this sym- 
metry; the splitting might well be small but should be 
observable because of the sharpness of the line. In 
the NaClO, lattice where the crystal perturbations are 
larger as indicated by the greater splitting of the 7, 
level and the greater relative intensity of the forbidden 
spectrum relative to the allowed spectrum, the transi- 
tions to the states arising from E of Tq are five times 
as strong as those attributed to the A; to 7; transition 
and in the absence of any evidence to the contrary it 
seems plausible to attribute a larger f-value to the 
A, E transition. 

No sharp lines appear when the electric vector is 
polarized parallel the a—c plane. Internal consistency 
of all the crystal data demands that there exist at 
least one A’ state in this solid solution; consequently, 
as mentioned above, it is assumed that the A’—A’ 
vibrationless transition is not observed. With this 
assumption one may classify the spectra in terms of 
the set of frequencies observed parallel to the 0 axis 
with the A’ state arising from E occurring at 14460 
cm-!, 14 cm from the A” of E and an A’ state arising 
from 7, at 14,670 cm, 11 cm™ from the unresolved 
A” states (from T; at 14,681 cm7'). The results of such 
an analysis are given in Table VI. There is nothing 
unique about the assignment of frequencies given in 
Table VI. The table is given merely to indicate that the 
data may be accounted for in a relatively simple way 
and that the data which appeared to Teltow to be 
without regularity can be ordered in terms of the pro- 
posed scheme. Particularly is this true of the data in 
the sodium perchlorate solid solutions. 
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SPECTRA OF Mn0O,-, 


The spectra obtained in solid solutions LiCl(Mn)O, 
.3H,O are also compatible with the proposed assign- 
ment, showing sharp absorption perpendicular to the 
threefold axis of the crystal (A; E transitions) and 
only weak and diffuse absorption parallel to the three- 
fold axis which presumably arises from electronic 
transitions A,;—>E accompanied by vibrations. 

The polarization data discussed above seem to show 
definitely that more than one level exists lower lying 
than the T level, that one of these is probably T; and 
the other E. There is no evidence for either an A» or 
A; state; the data in LiCl(Mn)O, tending to rule out 
the A, state more definitely than the A» state. We feel 
therefore that these data lend strong evidence in favor 
of the correctness of the calculations which predict 
that the first transition involves the excitation of a 4, 
electron to a fy orbital since this is the only transition 
which gives rise to the states which are compatible with 
the observations. A transition ¢:—!2, would also give E, 
T,, and T2 states but would in addition give an A, state 
which might be expected to show up in the spectra, 
particularly in solid solution in which the site sym- 
metry is C3,(LiClO4:3H2O, or Ba(ClO,4)2-3H-.0). 


CONCLUSIONS 


The qualitative aspects of the spectra are given 
correctly by our empirical calculations and we feel 
that the electronic structure of the ions discussed is 
essentially correct. The interpretation of the bond dis- 
tance in terms of “double bonding” is seen to have 
some justification in view of the importance of 2-bond- 
ing between the central atom and oxygen atoms. In 
the case of the transition element compounds all five 
d orbitals and the 4s orbital are apparently employed 
in bonding whereas in ClO; the 3d atomic orbitals 
would have very small coefficients in the bonding 
molecular orbitals in an approximate calculation. This 
would correspond to a more important contribution of 
“double bonding” in MnO-¢ and CrO¢ than in ClO¢, 
but the term double bond loses much of its meaning in 
these cases since the structure can only with difficulty 
be considered as resulting from the resonance of local- 
ized double bonds. 

The quantitative agreement gives some hope that a 
similar treatment applied to more ions might enable 
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us to formulate rules for the empirical estimation of the 
H;,’s and thus give a very simple method of making 
molecular orbital calculations for inorganic molecules. 
The method outlined above has been applied to the 
ion CrO;F— with very satisfactory results both as to 
relative excitation energies and intensities. Calculations 
on CrO2Cl, and SO2Cl2 are under way at the present 
time. 

We are indebted to Professor S. I. Weissman of 
Washington University and to Professor R. S. Mulliken 
of the University of Chicago for generous advice and 
encouragement in the course of the work. 


APPENDIX 


The energies of the excited singlet states arising from 
the configuration: - - (¢;)5(3¢2)! relative to the ground 
state are given below where 


(p2'by") (bzw) 


‘ f $a!(1)by!"(1)62/riabe!(2)bu'*(2)dridrs 


and ¢,"! is the «th orbital function of the degenerate 

nonbonding set of symmetry 7; and ¢,” is the yth 

orbital function of the set 3fs. 

E (singlet T.)—E (singlet A;)=e (3t2)—e (t;) 
—K+2C+J—2D 


E (singlet E)—E (singlet A,)=e (3t2)—e (¢,) 
—H+2A—2B+J 


E (singlet T,)—E (singlet A1)=€ (3t2)—e (t;) 
—K+2C—J+2D 


E (singlet A2)—E (singlet A1)=€ (3t2)—€e (4) 
—H+2A+4B-—2J 


A = ($1%p1") (bi) = (bi) (Gi i") 
B= ($1""h1") (Ho"*ho"!) = (Hi pi") (Gj%;") 
C= (p1"*ho"t) (pi*ho"t) = (bij) (biG;") 
D= (1%2"t) (Ho"*h1") = (Gi%;"2) (Gi*;") 
H= ($11) (b1"h1") = (ii) (Gi i") 
J = (b1'%p2") (pita) = (pis) (His) 
K = (1%) (patho) = (pips) (G;"'h;"). 
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The pyrolysis of cumene, p-cymene, and ¢-butyl-benzene has been investigated. From the experimental 
data the relevant bond dissociation energies and the heats of formation of the respective radicals have been 


computed. 





HE previous investigation of the pyrolysis of 

ethylbenzene! indicates that the first step in the 
decomposition of this compound is the unimolecular 
dissociation process (1): 


C.H;. CHe. CH;—-C,H;CHee +CH3° e (1) 


In the presence of excess toluene methyl radicals are 
removed by a rapid reaction (2): 


CH3° +CHs3. C.H;—-CH.+ C.H;- CHe» ; (2) 


yielding benzyl radicals and methane, the quantity of 
the latter being a measure of the extent of the decom- 
position of ethylbenzene. By analogy, it was expected 
that the pyrolysis of cumene, p-cymene and /-butyl- 
benzene would also involve the rupture of the C—C 
bond with the formation of methyl radicals as a first 
step in the decomposition. Thus, it might be possible 
to measure the rates and activation energies of the 
following elementary processes: 


CH; 


Cumene C,H;-CH 


™, 
CH; (3) 


—C,H; CH— CH;+ CH3;- 


TABLE I. Cumene. 











Ptotal Pcumene % A 

T°K mmHg mmHg_ decomp tsec Rk -10?-sec™ He 
906 12.0 0.41 7 0.46 3.82 36 
913 11.9 0.44 2.2 0.45 5.0 39 
919 P 12.7 0.65 ao 0.43 8.2 41 
920 P 12.9 0.69 4.5 0.43 10.6 35 
923 P 13.1 0.78 4.0 0.43 9.4 41 
927 P 12.9 0.57 4.6 0.44 10.8 43 
928 12.3 0.43 4.0 0.46 8.95 40 
929 14.3 0.34 | 0.43 12.2 36 
931 14.7 0.40 4.5 0.44 10.3 36 
931 14.7 0.38 4.9 0.45 11.4 39 
933 12.4 0.94 4.9 0.45 11.2 48 
935 P 12.9 0.78 5.6 0.43 13.6 47 
936 12.0 0.42 oe 0.46 12.4 42 
937 12.3 0.42 5.4 0.45 12.3 40 
953 11.9 0.36 8.6 0.43 20.8 42 
954 12.0 0.37 10.0 0.44 24.2 40 
1001 12.3 0.72 22.2 0.41 60.5 51 








1M. Szwarc, J. Chem. Phys. 17, 431 (1949). 
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CH; 
i 
p-Cymene CH;.CsH,.CH — 
\ 


CH; 
CH; . C.Hi— CH— CH;+ CH;¢ (4) 


CH; 
t-Butyl-benzene CsH;.C—CH;— 


CH; 
CH; 


CeH;-C 


+CH3, (5) 
CH; 


by investigating their pyrolysis in the presence of 
excess toluene. 

In conformity with the mechanism postulated in the 
pyrolysis of ethylbenzene the initial split of the C—C 
bond yielding a methyl] radical would be followed by 
the rapid reaction (2) and eventually by (6) 


C,H; ‘ CH» + C.;H;CH2:—C,H;CH2CH2CeHs. (6) 


However, in the present case the other radicals pro- 
duced in the primary steps (3), (4), or (5) are not stable, 
and they are expected to decompose rapidly with the 
formation of hydrogen atoms according to the following 
equations: 


C.H;—CH— CH;—-C.H;CH=CH:;+H (7) 


CH;. CsH,CH—CH;—>CH;.CeH,—CH=CH:+H (8) 


CH; 
CHs.C = —CsHsC—CH;+H. (9) 
\ iI 
CH; CH, 


Investigation of the pyrolysis of toluene? indicates that 
hydrogen atoms react with toluene to give hydrogen 


2M. Szwarc, J. Chem. Phys. 16, 128 (1948). 
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TaBLeE II. Para-cymene. 








Protal P. cymene % 
mm Hg mmHg decomp 


16.5 , 7.8 
16.6 : 8. 
12.7 , 4. 
12.9 4 3. 
4. 
1. 
5. 


k +102 -sec™1 


3.51 
3.85 
9.50 
7.72 
11.30 
27.2 
36.3 





13.1 : 
12.4 ; 1 
: 1 


12.6 0.44 








TABLE III.* tert.-butyl-benzene. 








Protal P t-butyl-benzene % 
TK mm Hg mm Hg decomp tsec k -102 -sec™ 


885 12.2 0.37 0.45 5.95 

897 P 12.7 0.33 5 10.8 
12.3 0.37 14.5 

916 12.0 0.37 21.9 
12.8 0.32 39.2 
12.8 0.30 38.3 
12.8 0.48 35.5 
12.0 0.36 35.8 
12.2 0.35 38.7 
11.8 0.36 44.6 
12.1 0.35 47.6 
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*In Tables I-III, P denotes runs made in a packed reaction vessel. 


molecules, methane, and benzyl radicals, namely, 
C.H;.CH;+ H—H:24+ CeH;.CHe* 

C.H;.CH;+H—-CH;°+ CeHe (11) 

CH;-+CH;.CsH;-CsH;.CH2-+CHy. (12) 


The experimental data suggest that reaction (10) is 
about 1.5 times faster than reaction (11); thus the 
gases formed by hydrogen atoms would contain about 
60 percent hydrogen and 40 percent methane. Ac- 
cordingly, if the above reaction mechanism applies to 
the pyrolysis of cumene, p-cymene, and ¢-butyl-benzene, 
the rate of their initial decomposition into methyl 
radicals should be measured by ~5/7 of the rate of 
formation of methane.* 

On assuming that the reverse of reactions (3), (4), 
and (5) do not require any activation energy, we identify 
the activation energies of reactions (3), (4), and (5) 
with the respective C—C bond dissociation energies, 
namely 


(10) 


E,= D(CsHs.CH—CH,), 
CH; 
E,= D(CH3.CsH,.CH—CHs), 
CH; 
CH; 
Es= D(CsHs.C—CH). 
CH; 


* 

On each mole of CH; radicals produced by the primary dis- 
Soclation process about 0.4 mole of methyl radicals are produced 
by reaction (11). 
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The determination of these dissociation energies enables 
us to derive the values for the heats of formation of the 
following radicals: 


C.H;— CH— CHs, CH;— C,.H.— CH— CH;, and 
CH; 


al 
CsHs—C , 
\ 
CH; 
knowledge of which should be useful in discussing the 


energetics of polymerization reactions of styrene and 
its derivatives. 


EXPERIMENTAL 


The results reported here were obtained by using 
the toluene “carrier gas” technique which, having been 
described previously, is omitted, therefore, in the 
present communication. 

All the compounds investigated were obtained com- 
mercially and were purified by vacuum distillation, the 
middle fraction being taken for experimentation. The 
toluene was prepared as in previous studies by the 
repeated pyrolysis of sulfur-free toluene at 800°C, 
followed by a careful fractionation over sodium. 

The pyrolysis of cumene, p-cymene, and /-butyl- 
benzene were investigated over a range of temperature 
of about 70°C in the neighborhood of 900°K. The par- 
tial pressure of the investigated compound was about 
0.5 mm Hg, while that of the toluene was about 12.0 
mm Hg. In each case methane and hydrogen were 
identified as the gaseous products of the reaction, 
the solid/liquid products were not isolated on account 
of their complex nature and difficulties in their analyti- 
cal estimation. If the mechanism suggested by us is 
correct, then the amount of hydrogen in the gases 
produced should be ~30 percent. Inspection of Tables 
I, II, III, and IV shows that the percent of Hy, is slightly 
higher, indicating probably that a small fraction of 
compounds is dehydrogenated in one step (see in this 
respect, reference 1). 

The decomposition of the above compounds, meas- 
ured by 5/7 of the rate of formation of methane, proved 
to be homogeneous first-order gas reactions. Packing 
the reaction vessel with silica wool which increased the 
surface by a factor of about 15 had little or no effect 
on the rates of decomposition (see Figs. 1 and 2 and 
Tables I, II, and III). Neither had the first-order rate 


TABLE IV. Ethyl-benzene. 








Pethyl-benzene % 
mm Hg decomp 


Ptotal 
mm Hg 


12.2 
12.3 
12.4 
12.4 





1.08 1.2 
0.85 : 
1.24 O1 
0.87 t 
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Fic. 1. The straight lines shown in this diagram have been 
drawn on assuming the frequency factors for the pyrolyses of 
ethyl-benzene, cumene, and ¢-butyl-benzene to be in the ratio 
of 1:2:3. 
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constants been affected by the variation of the partial 
pressure of the compound (cumene from 0.34 to 0.94 
mm Hg, p-cymene from 0.35 to 2.6 mm Hg, and /-butyl- 
benzene from 0.30 to 0.48 mm Hg). 

Since the correction factor of 5/7 for methane is 
only approximate, and the temperature range over 
which these pyrolyses were studied was not very large, 
we did not consider as reliable the values for the activa- 
tion energy of the primary dissociation process derived 
from the temperature coefficients of the respective rate 
constants. Nevertheless, we should obtain a reason- 
able value for the differences in the activation energies 
of the relevant processes by comparing the respec- 
tive rate constants, determined at one temperature 
only, with the rate constant for ethylbenzene which 
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Fic. 2. The straight line has been drawn on assuming the 
frequency factor tobe twice that obtained for ethyl-benzene 
decomposition. 
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was separately redetermined in the present study, 
Thus, from the Arrhenius expression, and on the 
assumption that the ratio of the temperature inde. 
pendent factors for tue unimolecular dissociation of 
ethylbenzene and any of the unimolecular dissociation 
reactions (3), (4), and (5) is given by the statistical 
factor only,} we derive the following equation: 


AD= A= 2.3R. i. logkrz/f-ke, 


where AE= AD= difference in bond dissociation energy 
between ethylbenzene and the investigated compound; 
kz=rate constant for ethylbenzene at temperature 7; 
kc=rate constant for the investigated compound at 
temperature 7’; f=statistical correction factor, i.e., } 
for cumene and p-cymene; § for ¢-butyl-benzene. 

By applying the foregoing equation, at the tempera- 
ture T=900°K we obtain the following values for AD: 

cumene AD~2.0 kcal/mole; 


p-cymene AD~2.5 kcal/mole; 
t-butyl-benzene AD~3.5 kcal/mole. 











TABLE V. 
Bond icone Bond cas fe | 
D(CH;—H) 101 
D(CsH;.CH2—H) 77.5. D(CH;.CH2:—H) 96 
D(C«-H;.CH—H) 75 D(CH;.CH—H) 94 
CH; CHs 
CH; CH; 
D(CsH;.C—H) 74 D(CH;.C-) 89 
CH, CH; 
D(CH;.CsH..CH-H) 74 


CH; 








Since D(Cs;H;.CH2—CHs) is 63 kcal/mole,’ we derive 
the following values for the C—C bond dissociation 
energies in the investigated compounds: 


D(C;Hs. CH—CH:;)~61 kcal/mole; 
CH; 


D(CH; : CeH,.CH— CH;) = 60 kcal/mole 
CH; 


CH; 
D(CHs.C +—CHs)~59.5 kcal/mole. 
CH; 


We are now in a position to compute the heats of forma 


t+ The inspection of Figs. 1 and 2 demonstrates to what extent 
this assumption is justified, since the straight lines shown 
these figures were constructed by assuming the frequency factors 
to be 1.10", 2.10", and 3.10% sec™, respectively. Thus obtain 
lines seem to fit well the experimental points. 
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tion of the relevant radicals by applying the equation 
D(R—CH;) = AH,(R)+ 4H ;(CH;)—AH,(R.CHs), 
and thus we derivet 
AH ;(CsHs.CH .CH;) ~30 kcal/mole; 
AH ;(CH3.C¢Hg. CH .CH3) 21 kcal/mole; 


and 


CH, 
AH ,(CeHs.C.CH;)~22 kcal/mole. 


tThe relevant thermochemical data have been taken from 
Tables of Selected Values, etc. by Rossini et al. 


From the equation 
D(R—H)=AH (R)+4H (H)—AH (RH), 


we compute eventually the respective C—H bond dis- 
sociation energies that are listed in Table V. For the 
sake of comparison, we include in Table V the values 
for D(CsH;.CH2—H) and the D(C—H)', for the series 
CHy, CoHe, CsHs, and ¢. —C4Hio. One may notice that 
the C—H bond dissociation energies in both series 
exhibit the same trend, although the decrease is much 
greater in the aliphatic series. In view of some arbi- 
trary assumptions introduced in our calculation of the 
relevant dissociation energies we do not feel that 
further discussion of these differences is justified. 
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Infrared and Raman Spectra of Fluorinated Ethanes. IV. The Series 
CH;—CH;, CH;—CH.F, CH;— CHF,, and CH;—CF;* 


D. C. SmitH AND R. A. SAUNDERS 
Naval Research Laboratory, Washington, D. C. 


AND 


J. Rup NIELSEN AND E. E. FERGUSON 
Department of Physics, University cf Oklahoma, Norman, Oklahoma 


(Received January 3, 1952) 


The infrared spectra of ethyl fluoride and 1,1-difluoroethane vapors have been obtained in the egiv. 
from 2 to 38u, and the spectra of the liquids from 2 to 22u, with the aid of LiF, NaCl, KBr, and KRS-5 
prisms. The Raman spectra of both compounds were studied in the liquid phase with a three-prism glass 
spectrograph of linear dispersion 15A/mm at 4358A. Depolarization ratios were determined for the stronger 
bands. The Raman spectrum of 1,1-difluoroethane was also obtained for the gaseous phase. 

A complete assignment of fundamental frequencies is proposed for each molecule and used in a detailed 
interpretation of the spectra and for the calculation of thermodynamic functions over the temperature 


range 298-600°K and at the boiling point. 


INTRODUCTION 


THANE and methy] fluoroform, the first and last 

members of this series, have been studied previ- 
ously. Their fundamental frequencies, known with 
fairly high certainty, serve as starting points in the 
interpretations of the spectra of the two intermediate 
compounds. The procedure used is the same as that 
ued in a previous paper on the methyl fluoroform- 
methyl chloroform series.' It is based primarily on ex- 
perimental data and not on theoretical calculations, 
which would be very tedious for molecules of such low 
symmetry. 


EXPERIMENTAL RESULTS 


J; The spectral measurements were made with the same 
Instruments and in the same manner as described in 
SS 

*A part of this work has been supported by the AEC under 
Contract No. AT-(40-1)-1074. 

‘Smith, Brown, Nielsen, Smith, and Liang, J. Chem. Phys. 
20, 473 (1952). 


earlier papers.'~* The positions of sharp Raman bands 
are accurate to within +1.0 cm™ while those of sharp 
infrared maxima vary from +1.0 cm at 10 to about 
+2 cm at 35u, and to about +10 cm™ at 2y. Ordi- 
nary gas absorption cells were used for infrared meas- 
urements at room temperature. Liquid measurements 
were made at lower temperatures with a variable- 
thickness cell with silver chloride windows, similar to 
that described by Holden, Taylor, and Johnston.‘ 

The infrared spectra of CH;—CH2F gas (at 25°C) 
and liquid (at approximately —45°C) are shown in 
Figs. 1 and 2 for the 2 to 22u region. In Table I are 
listed the positions of all observed Raman and infrared 
bands for this compound, including those obtained with 
KRS-5 prism, as well as depolarization ratios and 
relative intensities of the stronger Raman bands. The 


2 Nielsen, Crawford, and Smith, J. Opt. Soc. Am. 37, 296 (1947). 
3 Smith, Nielsen, and Claassen, J. Chem. Phys. 18, 326 (1950). 
4 Holden, Taylor, and Johnston, J. Opt. Soc. Am. 40, 757 (1950). 
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purity of the sample used is not known, but it was 
found necessary to ascribe only a few of the very weakest 
bands to impurities. 

Data for CH;— CHF; are summarized in Figs. 3 and 
4 and in Table II. The infrared spectrum of the gas 
was obtained at room temperature (25°C), and the 
liquid was measured at —40°C, about 15° below the 
boiling point. The first sampleft studied, and that for 
which data are presented, had weak bands near 730 
cm~ that were not found in the infrared (gas) spectrum 
of a second sample.§ They must be caused by impurity. 

t Two samples were kindly supplied by the Jackson Laboratory, 
Wilmington, Delaware. 

t Kindly supplied by the Jackson Laboratory. 


§ Kindly supplied by Laurel Hill Research Laboratory, General 
Chemical Company. 
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Fic. 1. Infrared spectrum of gaseous ethyl fluoride at 25°C (the KRS-5 region is not included). 


INTERPRETATION 
1. CH;—CH; 


The fundamental vibration frequencies of ethane, 
taken from the paper by L. G. Smith, are shown 
graphically as vertical lines in Fig. 5. Solid and broken 
lines denote bands observed in infrared absorption and 
in the Raman effect, respectively, while dotted lines 
represent fundamentals derived from overtone or com 
bination bands, but not observed directly. In cases 
where a fundamental is in Fermi resonance with ai 
overtone or combination, only the stronger componett 
of the resonance doublet is shown. The vibrational 







5L. G. Smith, J. Chem. Phys. 17, 139 (1949). 
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Fic. 2. Infrared spectrum of liquid ethyl fluoride at —45°C (the KRS-5 region is not included). 


species for a staggered model of symmetry Dja,and the for parallel and perpendicular vibrations. A triplet 


approximate motions, are indicated in the figure. 





structure with P—R branch separation of about 25 
cm is predicted for the former, a broad band with 


thane, 2. CB; —Cay single maximum for the latter. The seven out-of-plane 
shown The ethyl fluoride molecule is a slightly asymmetric fyndamentals (species A’’) should give perpendicular 
yroken top (spindle) with principal moments of inertia of bands. The observed contours for the gas (Fig. 1) actu- 
mand § @Pproximately 19.7, 93.5, and 102.6X10~ g cm’. The ally correspond more nearly to the Type A, B, and C 
| lines | Molecule has only planar symmetry, however, and the hands of Badger and Zumwalt.’ However, the contours 
r com: electric moments for in-plane vibrations (eleven funda- are of little help in assigning fundamental frequencies, 

cases mMentals of species A’) do not fall along inertial axes. especially where overlapping occurs, as in the 1000- 
ith an These vibrations may therefore be expected to yield 1200 cm region. Because of this overlapping it was 
yonent infrared bands with contours intermediate between necessary to obtain the spectrum of the liquid in order 





tional 






those predicted by the theory of Gerhard and Dennison® 
Se 
*S. L. Gerhard and D. M. Dennison, Phys. Rev. 43, 197 (1933). (1938). 


7R. M. Badger and L. R. Zumwalt, J. Chem. Phys. 6, 711 
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to determine the number of bands occurring in such 
regions. 

The assignment of fundamentals is shown in Fig. 5, 
and interpretations for practically all bands are given 
in Table I. 

Although there is no question as to the reality of the 
low Raman frequency at 278 cm“, its assignment to the 
torsional fundamental is contingent upon sample purity, 
particularly since it has been necessary to assume that 
a few weak bands near 700 cm~ are caused by impurity. 
The only other low fundamental is the CCF skeletal 
deformation of species A’. It was observed near 415 
cm in the infrared spectrum of the gas, and as a 
polarized band at 419 cm™ in the Raman spectrum of 
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Fic. 3. Infrared spectrum of gaseous 1,1-difluoroethane at 25°C (the KRS-5 region is not included). 


the liquid. The corresponding A” fundamental, which 
is largely an out-of-plane rocking of the CH:F group, 
is undoubtedly represented by the infrared band at 
811 cm“ (in the liquid) and the very faint Raman band 
at 815 cm, the interpretation of which is somewhat 
uncertain, since it overlaps with 872 cm™ excited by 
the 4348A Hg line. The much stronger Raman band at 
799 cm is definitely polarized and is interpreted as an 
overtone, 2419, in resonance with the A’ fundamental 
at 872 cm”. 

The fundamentals in the region from 850 to 150 
cm- are associated with C—C and C—F stretching 
(A’), CH; rocking (A’+A”), CH wagging (A’), CH: 
twisting (A’’), CH; symmetric deformation (A’), and 
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Fic. 4. Infrared spectrum of liquid 1,1-difluoroethane at —40°C (the KRS-5 region is not included). 


CH; asymmetric deformation (A’+A”). Except for 
the methyl deformations, these motions are undoubtedly 
greatly mixed. The assignment of most of these funda- 
mentals follows unambiguously from the depolariza- 
tion ratios of the Raman bands. The Raman band at 
1170 cm is too weak to permit its depolarization 
ratio to be measured, and the contour of the corre- 
sponding infrared band resembles that of the A’’ band 
at 810 cm—. However, no satisfactory correlation is 
possible unless 1170 cm! is assumed to be an A’ funda- 
menta!. Its low intensity in the Raman effect indicates 
that it may be characterized as largely C—F stretching. 
The weak Raman band at 1480 cm~ is broad and 
diffuse and looks like a wing of the stronger band with 


maximum at 1458 cm™. Nevertheless, it seems neces- 
sary to assign it as an A’ fundamental, associated 
largely with CH, deformation. The bands at 1365 and 
1395 cm, which are definitely of species A’, un- 
doubtedly represent fundamentals involving CH» wag- 
ging and symmetric CH; deformation. The A’ and A” 
fundamentals at 1458 associated with asymmetrical 
methy! deformation are evidently not separated. While 
the fundamentals near 1103 and 1035 cm™ are readily 
identified in the spectra of the liquid, the contours of 
the infrared bands of the gas are peculiar and suggest 
the presence of considerable vibrational interaction. 
Because of overexposure and the proximity of bands, 
no quantitative polarization data were obtained for the 




































































SMITH, SAUNDERS, NIELSEN, AND FERGUSON 


TABLE I. Infrared and Raman spectra of CH;—CH.F. 














Infrared 
Gas Liquid* Raman liquid Relative Depolari- : C 
cm7! cm7! em7! intensity zation Interpretation> cr 
278 vow A” fundamental? 1449 
398 s 1456 
415 419 w 1 0.3 A’ fundamental 
425 s 1479 
664 vw 668 vow Impurity? 1504 
733 ww Impurity? . 
784 1558 
a 1613 
1639 
792 
1667 
794 1681 
796 
798 799 vw, sh 0.4 0.2 2X415=830 A’ (with 880 A’ fund) 1704 
801 1748 
803 ‘ 1770 
810 w, sh 811 vs 815 vow A” fundamental 1792 
820 “ 1799 
832 vovw 3X278=834 A’? 1812 
867 1832 
868 1845 
870 
872 1912 
880 vs, sh 871 vs, sh 873 vs, sh 12 0.07 A’ fundamental (with 2X 415=830 A’) 1923 
883 1927 
895 1934 
923 ww 1942 
924 1946 
927 916 w Impurity? 1976 
932 1992 
950 ow 938 w 1365—415=950 A’? aed 
962 2066 
971 2083 
979 2092 
984 vw 975 w 1395 —415=980 A’ (973) 2101 
988 
2151 
1026 2160 
1031 2169 
1037 2179 
1044 
1048 vs, sh 1035 vs 1041 m, d 2 0.8 A” fundamental 2203 
1060 vs, sh 1060 w, d 2217 
1073 2227 
1087 2237 
1091 278+-810=1088 A’? 2252 
1093 2262 
1094 2275 
1096 , 2288 
1099 . 
1101 2410 
1103 2415 
1104 2430 
1108 vs 1103 s, sh 1103 s, sh 2 0.05 A’ fundamental 2442 
1120 2451 
1171 s, sh 1168 s 1170 ww A’ fundamental 2488 
1198 2513 
1213 vw? 2522 
1227 vw? (810+-419 = 1229?) 2541 
1277 1277 m 1276 w, d 1 0.9 A” fundamental 2558 
1285 vw 2597 
2625 
1297 vwi285 m 415+880=1295 A’ 2635 
1312 2667 
1323 2747 
1333 vw 1328 w 278+-1054= 1332 A’ 2762 
= 1365 ms 1365 vw 0.2 0.3 A’ fundamental 2793 
1 
1395 vs,sh  1392s,sh 1393 w 03 0.6 A’ fundamental om 
1408 1 





* A different sample (from the same source) was used for infrared measurements of the liquid ‘phase. 
> Data for the liquid state are enclosed in parentheses. 


SPECTRA OF FLUORINATED ETHANES 


TABLE I.—(Continued). 








Infrared 


Gas Liquids Raman liquid Relative Depolari- 
cm~1 em cm~! intensity zation Interpretation> 





1449, s, sh 1445 s 1458 m, d 3 0.7 A’ and A” fundamentals 
1456 


1479 m 1488 s 1480 wd A’ fundamental 6 CHz 
1504 ) 


1558 ow 278+-1280= 1558 A’? 


1613 

1639 1623 ww 2X810=1620 A’ 

1667 

1681 vw 

1704 vw 1695 ww 810+-880= 1690 A” (810+872= 1682) 4154+ 1280=1695 A” 


1748 vw 1736 w 2X 880= 1760 A’ (2X872=1744) 
1770 ww 1780 w 415+1365=1780 A’ 

1792 

1799 

1812 1805 ow 415+ 1395=1810 A’ 

1832 

1845 


1912 

1923 810+-1108= 1918 A” 

1927 w, sh 1897 mw 880+ 1054= 1934 A” (8724-1035 = 1907) 
1934 

1942 

1946 


1976 810+1171=1981 A” 
1992 vw 880+ 1108 = 1988 A’ (8724-1103=1975 A’) 
2000 


2066 
2083 vw, sh 880+ 1171=2051 A’ (87241168 = 2040) 


2092 810+-1280= 2090 A’ 
2101 2X 1054= 2108 A’ 


2151 880+ 1280= 2160 A” 

2160 ow 2132 w, sh 1054+-1108= 2162 A” (1035+ 1103 = 2138) 
2169 ow 

2179 2174 ww ; 810+ 1365=2175 A” 


2203 vw 810+1395= 2205 A” 
2217 vw 2198 ow 2X 1108= 2216 A’ (2K 1103=2206 A’) 
2227 10544-1171=2225 A’’? 
2237 880+ 1365 = 2245A’ 
2252 810+ 1449 = 2259 (A’+A”) 
2262 
2275 vw, sh 2257 w, sh 880+ 1395 =2275 A’ (8724-1392=2264 A’) 
2288 1108+-1171=2279 A’ 
2336 ow (2X 1168 = 2336 A’) 
2410 


2415 2397 w 1054+ (1365) = 2419 A” (10354-1365 = 2400) 
2430 ow 2415 1054+ 1395 = 2449 A” (10354-1392 = 2427) 
2442 

2451 1171+-1280= 2451 A” 


2488 ow 2465 vw 1108+ (1365) = 2473 A’ 
2513 2490 vw 1054+ 1449 = (A’+A”’)(1035+ 1445 = 2480) 
2522 1108+-1395=2503 A’ 
2541 2520 vw 1054+ 1479 = 2533 A”; 1171+ (1365) =2536 A’ 
2558 ow 2555 vw 2X 1280= 2560 A’ 
2597 1108+ 1479 = 2587 A’ 
2625 1171+ 1449= 2620 (1168+ 1445 = 2613) 
2635 ww, sh 2630 w 1280+ (1365) = 2645 A” 
2653 1171+1480= 2651 
2667 1280+-1395 = 2675 A” 

2727 w ' (2X 1365 = 2730 A’) 
2747 2746 m, sh (1285+ 1445 = 2730) 
2762 w, sh 1280+-1479= 2759 A” 
rie 2772 w, sh 2777 w 2X 1395=2790 A’ (2X 1392=2784) 

25 
2841 2825 1395+-1449 = 2844 (A’+A”) 
(1392+ 1445 = 2837) 
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TABLE I.—(Continued). 














Infrared 
Gas Liquid*® Raman liquid Relative Depolari- 
cm-l cm" cm7! intensity zation Interpretation> 
2874 ms 2873 s 2879 s 10 dp? A” fundamental; (1392+ 1488 = 2880) 
2908 s 6 p? 2X 1449 = 2898 A’ (2K 1458= 2916) 
2915 s 2919 s, sh 2921 m A’ fundamental 
2941 2941 vous 100 p A’ fundamental 
2950 
2959 
2967 s 2X 1479=2958 A’ (with 2941 A’) 
2985 
3003 vs, sh 2994 vs 2986 vs 31 dp A’ and A” fundamentals 
3012 
3195 (278) +2915=3193 A” 
3205 
3226 w 3225 w 878+2950= 3228 (278+ 2941 = 3219) 
3236 (1365) + 2874=3239 A” 
3247 (278) +2967 = 3245 A’’? 
3378 415+ 2967 = 3380 A’? 
3401 vw, sh 3389 w 415+3003 = 3416 (419-2987 = 3405) 
3413 3395 vw 
3478 vw 
3610 vw 
3785 w (872+-2920 = 3792) 
3846 vw 
3860 w (872+-2990 = 3862) 
4065 w 4030 w 1054+3003 = 4057 (1035+ 2990 = 4025) 
4080 w (1103+ 2990 = 4093) 
4150 w (1168+ 2990 = 4158) 
4274 vw 4270 w 1395+ 2874=4269 (1392+ 2875 = 4267) 
4348 w 4345 w 1395+ 2950=4345 (1392+ 2941 = 4333) 
4425 w 4405 w 1479+ 2950= 4429 (1488+ 2920= 4408) 
4875 vw 















3000 cm™ region. It is possible that the species ascribed 
to the fundamentals at 2876 and 2920 cm™ should be 
reversed. In this region resonance undoubtedly occurs 
between C—H stretching and overtones or combina- 
tions of methyl deformation modes. However, the as- 
signments made seem reasonably adequate. 


3. CH;—CHF, 


1,1-difluoroethane also approximates a symmetrical 
top molecule, but has oblate shape, with principal 
moments of inertia of approximately 92.6, 95.0, and 
157.8X10~*° g cm®. The theory of Gerhard and Denni- 
son® predicts for a symmetric molecule of these dimen- 
sions the appearance of parallel infrared bands with 
strong Q branch and with P—R branch separation of 
about 34 cm™, and perpendicular bands with weaker Q 
branch and P—R separation of about 22 cm. 

Most of the observed bands (see Figs. 3-4) corre- 
spond to one or the other of these band types, except 
that in some cases splitting of the Q branch occurs, as 
found for related molecules.! Thus, the bands at 571 
and 868 cm™ are of the parallel type, while those at 
472, 941, 1040, and 1250 cm™ appear to be perpendicu- 
lar. The species of the fundamentals is determined by 
the symmetry plane of the molecule, however, and is 
obtained from the measured depolarization ratios of 
the Raman lines (Table IT) rather than from the infra- 





red band contours. In-plane vibrations (species 4’) 
produce both types of infrared bands, while out-of- 
plane vibrations (species A’’) produce only perpendicu- 
lar bands. The C—C bond and the major inertial axis 
form an angle of about 72° and lie in the symmetry 
plane of the molecule. 

No evidence for the low torsional frequency was 
found, but the assignment of fundamentals (Fig. 5) 
appears satisfactory in other respects and furnishes 
excellent interpretations for nearly all of the observed 
bands (Table II). However, a few peculiarities in the 
data should be mentioned. The infrared absorption of 
the vapor near 940 cm=, for example, is similar to that 
at 471 cm™ but does not represent a single perpendicular 
band. It is evident from the liquid spectra that there 
are two bands, one of which must be regarded as a 
fundamental and the other as a combination of the same 
species. It is a surprising fact that for the vapor the 
sharp infrared maxima do not coincide with the Raman 
bands. It appears that one or both of the sharp maxima 
are caused by an overtone which overlays the asym- 
metric pair. 

Again, in the region 1100-1200 cm~ it is found that 
the intense infrared maximum observed in the vapor 
at 1143 cm™ actually represents two bands. Since in 
the spectra of the liquid one is stronger in infrared 
absorption and the other in the Raman effect, both 
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SPECTRA OF FLUORINATED ETHANES 


TABLE II. Infrared and Raman spectra of CH;—CHF». 



























Infrared 

Gas Liquid Liquid 

cem7} cm! cm71 Interpretation® 
383 w 392 A” fundamental 
398 w 
459 
466 
470 s, sh 4715 472 A’ fundamental 
474 s, sh 
484 
555 
571s, sh 568 s, sh 569.5 A’ fundamental 
587 


730 vw, sh 


785 vw, b 


858 

868 s, sh 
873 sh 
875 sh 
883 


930 
939 vs, sh 
944 vs, sh 
952 


1025 
1038 vw, sh 
1042 vw, sh 
1055 


1072 vw 


1129 

1136 

1143 vs 
1158 
1166, s, sh 
1171s, sh 
1182 


1241 
1250, w, sh 
1255 w, sh 
1264 


1352 
1360 
1365 
1372 s 


1403 
1414 vs, sh 
1425 


1460 s, sh 
1470 


1520 
1529 


733 vw, sh 


776 vw 
794 vw 


866 ws, s 


727 vs 


956 s 


1038 m 


1118 vs 


1140 s 


1253 m 


1296 w 


1362 s, sh 


1413 vs 


1456 s, sh 


1592 ww 


729 vw 


866.6 


929 


1115 
1139 


1362 
1374 


1416 


1452 


—s 


























































Impurity 
Impurity 
Impurity 
2X390=780 A’ 
A’ fundamental 


A” fundamental 
2X472=944 A’? 


(392+-570=962 A”) 


472+571= 1043 A’ 


1460—390= 1070? 


A’ fundamental 


A’ fundamental; 2X571=1142 A’? 


A” fundamental, 1169 


390+-868 = 1258 A” 


390+928= 1318 A’? 


A” fundamental 


A’ fundamental 


A’ fundamental 


A’ and A” fundamentals 


571+941=1512 A”? 
390+-1142= 1532 A’’? 
(4724-1118= 1590 A’) 








* Data for the liquid state are enclosed in parentheses. ’ 
These bands are known to be due to impurity, since they did not appear in the spectrum of a different sample of CHs —-CHF-s. All other bands ap- 


peared in both spectra. 
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TaBLeE II.—(Continued). 
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Infrared Raman 
Gas Liquid Gas Liquid Relative Depolari- 
em em7! cm! em7} intensity zation Interpretation 
1621 1613 ww (472+-1140=1612 A’) 
1642 472+-1169=1641 A” 
1659 vw, sh 
1676 vw, sh 1683 w (569+ 1118=1687 A’) 
1700 569+ 1143=1712 A” 
1734 vw, sh 1732 w 2X 868= 1736 A’ 
1740 sh 571+1169=1740 A” 
1750 390+ 1372=1762 A” 
390+ 1362=1752 A’ 
1808 
1812 w, sh 1795 m 868+941=1809 A” 
(866+928=1794 A”) 
1819 472+1362= 1834 A” 
1823 472+1372=1844 A’ 
1835 390+ 1460= 1850 
1870 
1877 
1881 w, sh 1852 m 2X941=1882 A’ 
(2X928= 1856 A’) 
1890 1883 ow 472+1414= 1886 A’ 
1895 
1939 vw 1934 vw 472+ 1460= 1932 
571+1372=1943 A’ 
(569+ 1362= 1931 A”) 
2004 m 1988 m 868+ 1142=2010 A’ 
(868+ 1118= 1984 A’) 
2070 w, sh 2047 m (928+-1118= 2046 A”) 
2082 941+1142=2083 A” 
2116 vw, sh 941+1169=2110 A’ 
2233 2232 m 868+-1372=2240 A’ 
(2 1118= 2236 A’) 
2264 w, sh 
2279 w, sh 2278 m 2 1142 =2284 A’; 
868+ 1414=2282 A’ 
2326 vw, sh 2320 868+ 1460 = 2328 
(866+ 1455 = 2321) 
2338 w (928+ 1415 = 2343 A”’) 
2350 vw 941+1414=2355 A” 
2365 
2389 941+ 1460= 2401? 
2494 w 2487 w 1120+1372=2492 A’ 
1142+ 1362=2504 A’ 
(1118+ 1362 = 2480 A’’) 
2548 vw 2532 w 2555 vow 1372+1169=2541 A” 
1142+1414=2556 A’ 
(1118+ 1415 =2533 A’) 
2585 vw 1169+ 1414= 2583 A” 
1120+ 1460= 2580 
2595 2590 ow 1142+ 1460= 2602 A” 
(1140+-1455= 2595 A”) 
2692 w, sh 2690 w 2693 vow (p) 2X 1362=2724 A’ 
2711 2726 ww 2726 ww (p) 2% 1372=2744 A’ 
1362+ 1372=2734 A’ 
2744 
2757 w, sh 2760 w 1362+1414=2776 A” 
‘ x. 
2807 w, sh 2809 w 2812 ww 2810 5 (p) 2X 1414=2828 A’ * 
2822 (1362+ 1460 = 2822) 
2877 2856 F 1414+ 1460= 2874 
2887 ww, sh 2880 vw 2882 ow 2881 5 (p) 2 1460=2920 A’ 





(2X 1452 = 2904 A’) 











are int 
third b 
spectru 
as shar 
branch 
tense ti 
observe 
same p 
infrarec 
vibratic 
(from | 
probab 
stretchi 
corresp 

At hi 
readily 
asymm 
three b 








Fic. 5 














SPECTRA OF FLUORINATED ETHANES 


TABLE II.—(Continued). 








Infrared Raman 





Gas Liquid Gas Liquid Relative Depolari- 
cm-1 cm71 cm-! emi intensity zation Interpretation* 
2951.5 s, sh 

2963 2960 2957.4 s, sh 2953.5 100 (0.1) Fundamental A’ 
2979 s, sh .2976.4 s, sh Fundamentals A’ (gas) 
3001 2995 m 2995 vow 2992 24 (0.5) Fundamentals A’ (liquid) and A” 
3018 s, sh 3020 s 3017 w 3015 23 (0.6) Fundamental A’ 
3030 
3103 vow 868+2X 1120=3108 A’ 
3199 3195 ow (927+2X1140=3207 A”) 
3215 vw, sh 250+ 2957 =3207 A’’? 
3231 vw, sh 3235 vw 250+ 2978 = 3228 A’? 
3406 vw 3400 vw 390+3017 = 3407 A” 
3484 vow 4724-3017 =3489 A’ 








are interpreted as fundamentals. It is strange that a 
third band in this region appears only in the infrared 
spectrum of the vapor. It was observed in both samples 
as sharp maxima at 1166 and 1171 cm, with weak 
branches near 1158 and 1182 cm™, and seems too in- 
tense to be attributed to impurity. Since both bands 
observed in the liquid were also observed at about the 
same position in the Raman spectrum of the gas, this 
infrared band at 1169 cm™ must be a distinct, separate 
vibration. It is assigned to the A” fundamental that 
(from Fig. 5) is to be expected in this region. It is 
probably associated largely with asymmetric C—F 
stretching, the band at 1143 cm™ representing the 
corresponding symmetric C—F stretching mode. 

At higher wave numbers, the band at 1460 cm” is 
readily assigned as a superposition of the A’ and A” 
asymmetric methyl deformation fundamentals. The 
three bands at 1360, 1372, and 1414 cm™ must repre- 


sent C—H bendings and symmetric methyl deforma- 
tion. The observed intensities would indicate that the 
highest of these fundamentals is largely methyl de- 
formation. However, the diffuse nature of the Raman 
band at 1416 cm™ indicates that it may belong to 
species A’ and hence represent largely out-of-plane 
C—H bending. If this assignment is made, the band 
at 1362 cm™ must be regarded as of species A’. 

In the 3000 cm™ region the spectra exhibit peculi- 
arities that make the assignment of fundamentals 
somewhat ambiguous. In the Raman spectrum of the 
gas there appear three very sharp bands at 2952, 
2957, and 2976 cm“. The first two of these must repre- 
sent an A’ fundamental in resonance with some un- 
known combination. In the infrared spectrum of the 
gas only a single maximum is observed, undoubtedly 
because of the lower resolution. The Raman band at 
2976 cm™ and the infrared band observed at 2979 cm™ 
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Fic. 5. Fundamental vibration frequencies for ethane, ethyl fluoride, 1,1-difluoroethane, and 1,1,1-trifluoroethane. Solid (broken) 


vertical lines indicate infrared (Raman) frequencies. Soli 


d sloping lines connect totally symmetric fundamentals. 
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TABLE III. Calculated thermodynamic functions for CH;—CH2F 
at one atmosphere (in cal/deg mole). 


























i (H°—H0)/T Cp S09 —(F°—Hp))/T 
Trans+rot 7.95 7.95 57.78 49.83 
235.5°K Vibr .62 2.30 .82 .20 
(b.p.) Tors 83 1.77 1.27 att 
Total 9.40 12.02 59.87 50.47 
Trans+rot 7.95 7.95 59.65 51.70 
298°K Vibr 1.15 4.06 1.55 40 
Tors 1.05 2.00 1.71 .66 
Total 10.15 14.01 62.91 52.76 
Trans+rot 7.95 7.95 61.99 54.04 
400°K Vibr 2.33 7.48 3-22 .90 
Tors 1.32 2.17 2.35 1.01 
Total 11.60 17.60 67.56 55.95 
Trans+ rot 7.95 7.95 65.21 57.26 
600°K Vibr 5.08 13.54 7.44 2.35 
Tors 1.60 2.09 3.2 1.60 
Total 14.63 23.58 5.85 61.21 








undoubtedly represent another A’ fundamental. In 
the spectra of the liquid this fundamental seems dis- 
placed to 2992 cm. However, in the Raman spectrum 
of the gas and also in the infrared spectrum, a faint 
band occurs at this wave number. The simplest inter- 
pretation of these bands is as the A” fundamental 
associated with asymmetrical methyl C—H stretching, 
the corresponding A’ fundamental occurring at 3017 
cm, 


4. CH;—CF; 


The fundamentals of methyl fluoroform, as assigned 
previously,® are included for comparison in Fig. 5. The 
assignment is undoubtedly correct, except for a possible 
interchange of species for the vibrations at 541 and 
602 cm7. 


DISCUSSION 


The success achieved in the spectral interpretations 
is attributable to the completeness of the infrared and 
Raman data and to the guidance obtained from corre- 
lation of results for related molecules. Without data 
for both gas and liquid state the assignments could not 
have been as complete and reliable. In addition to 
simplifying the task of assigning fundamentals, Fig. 5 
shows that the over-all frequency pattern of the assign- 
ments is essentially correct. 

The slanting correlation lines in Fig. 5 are drawn 
according to vibrational species, solid lines being used 
for totally-symmetrical vibrations. They are of con- 
siderable value because of the requirement that lines 
connecting the same pair of species cannot cross. Cross- 
ing of dashed and solid lines is allowed but does not 
occur often, except in the transition from CH;—CH2F 


8 Nielsen, Claassen, and Smith, J. Chem. Phys. 18, 1471 (1950). 
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to CH;— CHF, which is accompanied by a 60° rotation 
of the symmetry plane. The correlation lines in Fig, 5 
do not in general connect like group frequencies. 

The spectra divide themselves into three distinct 
regions, the highest involving C—H stretching, the 
lowest involving methyl] torsion and skeletal deforma- 
tions, and the intermediate consisting of C—H bending 
and skeletal stretching. Substitution of one hydrogen 
atom by fluorine causes unit decrease in the number of 
C—C stretching vibrations and produces a three- 
membered skeleton having but one deformational mode. 
With each successive replacement by fluorine the C—H 
vibrations decrease by one and the skeletal deformations 
increase by two. It may be noted that when one fluorine 
atom is substituted all but the highest (degenerate) 
C—H stretching frequencies decrease somewhat. How- 
ever, the substitution of two or three fluorine atoms 
leads to a marked increase in the C—H stretching 
frequencies. 

In the intermediate spectral region the vibrations 
are so mixed that it is difficult to pick out group fre- 
quencies. The fundamental near 1100 cm™ in CH; 
—CH>2F and those near 1140 and 1170 cm™ in CH; 
— CHF, probably involve largely C—F stretching, as 
do those at 1233 and 1280 cm™ in CH;—CF3. Thus, 
there appears to be a tendency for the C—F stretching 
frequencies to increase with the number of fluorine 
atoms attached to a carbon atom. The methy] deforma- 
tion modes are the most characteristic group frequencies 
in this region. They exhibit a behavior similar to that 
found for the series CH;—CF; to CH3—CCl;.' The 
asymmetric methyl deformations near 1450 cm“ are 
unresolved and are stronger than the symmetric de- 
formation band in the Raman effect but weaker in the 
infrared. Also, the overtone of the symmetric deforma- 
tion mode is stronger than the fundamental in the 


TABLE IV. Calculated thermodynamic functions for CH3— CHF: 
at one atmosphere (in cal/deg mole). 























Zz (H°—Ho°)/T Cp? S° —(F°—H))/T 
Trans+ rot 7.95 7.95 61.21 53.26 
248.4°K Vibr 1.35 4.42 1.81 46 
(b.p.) Tors 95 1.88 1.50 55 
Total 10.25 14.25 64.52 54.27 
Trans+rot 7.95 7.95 62.66 54.71 
298°K Vibr 1.99 6.13 2.65 76 
Tors 1.14 2.04 1.87 75 
Total 11.08 16.12 67.28 56.22 
Trans+rot 7.95 7.95 64.99 57.05 
400°K Vibr 3.52 9.78 5.07 1.56 
Tors 1.38 2.12 2.48 1.11 
Total 12.85 19.85 72.54 59.72 
Trans+rot 7.95 7.95 68.22 60.27 
600°K Vibr 6.66 15.79 10.23 3.58 
Tors 1.64 2.11 3.37 1.73 
Total 16.25 25.85 81.82 65.58 
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Raman effect. In CH;— CHF; this overtone falls about 
20 cm lower than the value calculated by the har- 
monic approximation. In CH;—CH,F these relation- 
ships are complicated by resonance of the symmetric 
CH; vibration with the A’ fundamental at 1365 cm7 
(probably largely CH» wagging). 


THERMODYNAMIC FUNCTIONS 


Except for the torsional frequencies, all of the funda- 
mentals below 1000 cm~ are known rather accurately, 
making feasible the calculation of thermodynamic func- 
tions. The contribution from hindered internal rotation 
cannot be evaluated precisely, however, since neither 
the barrier Vo nor the torsional frequencies are known 
with certainty. While it has been customary to estimate 
the barrier in such instances, it seems preferable here to 
calculate the barrier from the torsional frequencies 
shown in Fig. 5. These are fairly well established for 
ethane and methyl fluoroform, and may be expected 
to vary uniformly through this series of compounds. 
The observed frequency at 278 cm™ in CH;—CH.F, 
and an assumed frequency at 250 cm for CH;— CHF» 
are therefore used in the calculations. 

The results for these two molecules are shown in 
Tables III and IV. The equations and tables of Hougen 
and Watson were used for all contributions except that 
from hindered internal rotation, which was computed 
from the tables of Pitzer and Gwinn.!® Tetrahedral 
angles and C—C and C—F distances of 1.54A and 


_*0. A. Hougen and K. M. Watson, Chemical Process Principles 
= Wiley & Sons, Inc., New York, 1947), Part II, Chapter 


“K.S. Pitzer and W. D. Gwinn, J. Chem. Phys. 10, 429 (1942). 
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1.38A were assumed, giving for the product J,J,J, the 
values 1.88X10-" g® cm® for CH;—CH2F, and 14.75 
X10-"* g° cm® for CH;— CHF». 

The barrier Vo to free internal rotation of the methyl 
group was calculated from the torsional frequency by 
the same procedure used previously.! The moment of 
the methyl group about the C—C bond was taken to 
be 5.303 10~*° g cm’, and the reduced moment enter- 
ing into the calculations was found to have values of 
4,23 and 5.01X10~ g cm? for CH;—CH2F and CH; 
—CHF». The barriers obtained were 3959 and 3947 
cal/mole. Using the same procedure, the same moment 
for the methyl group, and the frequencies shown in 
Fig. 5, barriers of 3050 and 3660 cal/mole were calcu- 
lated for ethane and CH;—CFs, respectively. This 
barrier for ethane is higher than that calculated by 
Kistiakowsky" (2750 cal/mole) because of the use of 
more recent (higher) values for both the reduced mo- 
ment and the frequency.® If the older values [= 2.647 
X10-*° g cm? and »,=275+10 cm are used, the pres- 
ent method of calculation yields for the barrier a value 
of 2720+190 cal/mole. Thus, the discrepancy between 
the calculated barriers for ethane is well within the un- 
certainties associated with the torsional frequencies. 
The significant increase (nearly 1000 cal/mole) in the 
barrier upon passing from ethane to the unsymmetrical 
compounds, however, arises from the effect of molecular 
geometry in lowering the reduced moment. It does not 
appear that this effect can be compensated for by re- 
assignment of the torsional frequencies. 

No calorimetric data were found for comparison with 
the results of Tables III and IV. 


1! Kistiakowsky, Lacher, and Stitt, J. Chem. Phys. 7, 289 (1939). 
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Rotation-Vibration Spectra of Diatomic and Simple Polyatomic Molecules 
with Long Absorbing Paths 


VIII. The Spectra of Trideuteromethylacetylene and Diacetylene from 1.2u to 0.7u 


A. VALLANCE JONEs* 
Division of Physics, National Research Council of Canada, Ottawa, Canada 


(Received December 10, 1951) 


The absorption spectra of CD;C2H and diacetylene have been investigated under high resolution (21-ft 
grating) in the photographic infrared with absorbing paths of up to 27-meter atmospheres obtained by 
multiple reflections. For CD;C2H and 3»; and 4»; bands were resolved and analyzed yielding 


Bo(CD3C2H) = 0.24566+0.00020 cm™, 
and, therefore, for the moment of inertia about an axis perpendicular to the symmetry axis 
Tp = 113.903X 10-® g cm. 


This result, taken in conjunction with the work of Herzberg, Patat, and Verleger on CH3C2H, confirms 
that the C—C bond length is abnormally short in this molecule. The value obtained was 


ro—-c(CD3C2H) = 1.467+9.003A. 
For diacetylene the rotational structure of four parallel bands was analyzed yielding 
Bo=0.14641+-0.00013 cm“, 


leading to 


I= 191.13 10 g cm?. 


The structure of the bands shows diacetylene to be a symmetrical linear molecule. By assuming values for 
the C—H and C=C bond lengths the length of the C—C single bond was calculated to be 


ro_c(C4H2) = 1.375+0.01A. 





A. INTRODUCTION 


ETHYL acetylene and diacetylene are molecules 

of considerable interest in that each contains a 

C—C single bond which is shorter than normal. This 

shortening has been attributed to conjugation effects 

involving the methyl and C=C groups adjacent to the 

C—C bonds. In view of the theoretical importance of 

these effects, there is a need for accurate spectroscopic 

determinations of the internuclear distances in these 
molecules. 

The photographic infrared spectrum of ordinary 
methyl acetylene was first studied by Herzberg, Patat, 
and Verleger,! who obtained a value for the large 
moment of inertia of the molecule. From this moment of 
inertia they calculated the C—C single bond length 
to be 1.469A by assuming values taken from related 
molecules for the other bond lengths and angles. This 
seemed surprisingly small compared to the normal 
C—C bond length of 1.54A found for aliphatic hydro- 
carbons.? However, the result was later confirmed by 
Pauling, Springall, and Palmer*® by means of the elec- 
tron diffraction method. Badger and Bauer’ repeated 
the spectroscopic work of Herzberg, Patat, and Ver- 
leger and obtained substantially the same result. 

* National Research Laboratories Postdoctorate Fellow. Con- 
tribution No. 2709 from the National Research Council, Ottawa, 
Canada. 

1 Herzberg, Patat, and Verleger, J. Phys. Chem. 41, 123 (1937). 

2L. Pauling, The Nature of the Chemical Bond (Cornell Uni- 
versity Press, New York, 1945), p. 161. 

5 Pauling, Springall, and Palmer, J. Am. Chem. Soc. 61, 2922 


(1939). 
*R. M. Badger and S. H. Bauer, J. Chem. Phys. 5, 599 (1937). 
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As pointed out by Herzberg, Patat, and Verleger, it 
would be desirable to determine the moment of inertia 
of CD;CCH in order to obtain a check on the values of 
the bond lengths and angles assumed in their work. 
Recently a new synthesis developed by Leitch and 
Renaud® has made it possible to obtain sufficient 
CD;C2H to measure the rotation-vibration spectrum 
of this compound in the photographic region. A pre- 
liminary report of the results of this work has already 
been published.® 

The photographic infrared spectrum of diacetylene 
has been investigated by Ginswein and Mecke’ who 
obtained several bands but were unable to resolve any 
rotational fine structure. Consequently, some doubt 
arose as to the linearity of the molecule. It was decided 
to re-examine the spectrum in the hope that the fine 
structure of the bands might be resolved with a 21-ft 
grating spectrograph, so that the question of the line- 
arity of the molecule might be settled. Moreover, it 
should be possible to derive the moment of inertia of 
the molecule from the fine structure. 

The bond lengths of diacetylene have been measured 
by electron diffraction by Pauling, Springall, and 
Palmer® who obtained the abnormally low value 
1.36A for the central C—C bond. This was to be ¢& 
pected as a consequence of the conjugation of the two 
triple bonds. However, several normal coordinate 

5 L. C. Leitch and R. Renaud, Can. J. Chem. (to be published). 

6 Herzberg, Jones, and Leitch, J. Chem. Phys. 19, 136 (1951). 

7 P. Ganswein and R. Mecke, Z. Physik 99, 189 (1936). 


8 Pauling, Springall, and Palmer, J. Am. Chem. Soc. 61, 92/ 
(1939). 
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analyses of the vibrational spectrum’ had suggested 
that the stretching force constant of the C—C bond 
was abnormally low. Such a lowering of the force con- 
stant would normally be associated with a lengthening 
of the C—C bond. In view of this difficulty it seemed 
that there was some interest in checking the bond 
lengths obtained by electron diffraction by a spectro- 
scopic measurement of the moment of inertia. It is, of 
course, not possible to determine the individual bond 
lengths independently without extending the investiga- 
tion to isotopic molecules. 


B. EXPERIMENTAL 
(1) CD;CCH 


The CD;CCH was prepared by Leitch and Renaud. 
It was found by mass spectrographic analysis to be 
88.4 percent CD;CCH. A long absorbing path was 
obtained by means of a 2-meter multiple reflection cell 
of the type originally due to White’ and adapted for 
this work as described by Bernstein and Herzberg"! 
in the first paper of this series. It was possible to cause 
the radiation from a concentrated arc source to make 
up to sixty traversals of this cell. The pressure of methy] 


28) mm of mercury. In this way, the spectral region 
from 6800A to 11,650A was examined with equivalent 
absorbing paths of from 12 to 26.5 meter-atmospheres. 
Several bands were observed. These are discussed in 
Sec. C. 


acetylene in the cell was varied between 140 mm and 


(2) Diacetylene 


The diacetylene was prepared by the method of 
Keyssner and Eichler”: from 1:4 dichloro butine-2 
by treatment with aqueous NaOH solution. It was 
purified by fractional condensation at low pressures. 











The spectrum was obtained using a 5-meter multiple 
reflection cell with gas pressures of 41- to 45-mm mer- 
cury. It was possible to obtain up to 100 traversals of 
the cell. Diacetylene seemed to attack the silver of the 
mirrors slightly. Eight absorption bands were found. 























One of the bands was later studied with the 2-meter 
cell which had been used for CD;CCH. 
TABLE I. 

Wave number (vacuum) Inten- Assign- 
7 cm"! sity Type ment 
12732 (band origin) — s Parallel — Resolved 4y, 
12650 Q branch w Parallel Q branch only ? 
11807 Q branch w Parallel @Q branch only ? 
9698 (band origin) — s Parallel Resolved 3” 


* See, e.g., T. Y. Wu, Vibrational Spectra and Structure of 
Polyatomic Molecules (J. W. Edwards, Ann Arbor, Michigan, 
1946), second edition, p. 259. 

"J. U. White, J. Opt. Soc. Am. 32, 285 (1942). 
on J. Bernstein, and G. Herzberg, J.eChem. Phys. 16, 30 
(1948), 
~ E. Keyssner and E. Eichler, German Patent 740637 (1943). 

A. W. Johnson, J. Chem. Soc., 1009 (1946). 
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Fic. 1. 3»; absorption band of CD;CCH. 


(3) Spectrograph 


The spectra were obtained with a 21-ft grating spec- 
trograph using Eastman Kodak hypersensitized JV, 
IM, or IZ plates. Second-, third-, and fourth-order iron 
lines were used as standards. 


C. ROTATIONAL ANALYSES OF THE BANDS 
(1) CD;CCH 


Four bands were observed in the spectral region 
examined, the wave numbers of which are set out in 
Table I. Reproductions of the two stronger bands are 
to be found in Fig. 1. Near the Q branch of each of 
these bands there appear two or more weaker lines 








TABLE II. Wave numbers of the band lines. 
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9698 cm™! band 12732 cm™ band 





J P(J) R(J) P(J) R(J) 
5 9695.24 9700.58 
6 94.71 01.04 
7 94.20 01.46 12728.51; 
8 93.69 01.95 27.99 12736.25 
9 93.21 02.39 27.45 36.68 
10 02.83 26.91; 37.15 
11 92.17 03.31 26.38 37.57 
12 91.62 03.73 38.00 
13 91.05 04.18 38.42 
14 90.52 04.66 12724.77 38.85 
15 89.99 05.08 24.20 39.28 
16 89.43 05.49 23.63 39.68 
17 88.87 05.90 23.06 40.09 
18 88.33 06.30 22.51 40.48 
19 87.77 06.72 21.93 40.89 
20 87.21 07.20 21.35 41.29 
21 86.65 07.58 20.78 41.67 
22 86.06 07.96 20.18 
23 85.49 08.34 19.61; 
24 84.94 08.77 18.98 
25 84.35 09.18 18.39 
26 83.77 09.58 17.78 
27 83.17 10.00 17.17 
28 82.57 16.56 
29 81.98 15.95 
31 80.81 14.73 
32 80.24 14.11 
33 79.114 13.46 
34 79.03 12.82; 
35 78.42 12.13; 
36 77.83 11.45 
37 77.22 10.77; 
38 76.61 10.11 
39 76.00 09.46 
40 75.42 08.80 
41 08.15 
42 07.49 
43 06.83 
44 06.15 
45 05.49 
46 04.84 








which seem to be the Q branches of the difference bands 
due to vibrational transition of the type nv;+my; 
+]y,+:---<ny;. (It is convenient to describe such 
bands as “hot” bands.) Such transitions have to a first 
approximation a transition probability equal to that 
of the transition from the ground state, mv;+l, 
+--+-<—0. The ground state transition, however, gives 
rise to the stronger band because as a consequence of 
the Boltzmann distribution there are fewer molecules 
in the vibrationally excited states at room temperature. 

The strong bands (Fig. 1) at 12732 cm™ and 9698 
cm-' clearly correspond to the overtones 47; and 3”, 
respectively, of the acetylenic C—H stretching mode. 
The rotational fine structure of both these bands is 
clearly resolved. The 9698 cm~ band corresponds to the 
band of CH;CCH analyzed by Herzberg, Patat, and 
Verleger.' They showed this band to be that of a sym- 
metric top. The two CD;C2H bands obtained (Fig. 1) 
are of exactly similar type to the CH;C2H band. 

The wave numbers of the rotational lines of the P 
branches of the two bands were found to be given by 


expressions of the form 
v= vyt+am-+ bm’. 


These expressions were used to calculate the wave 
numbers of the lines of the R branch, of which the 
numbering relative to the lines of the P branch is not 
at first known, since several lines near the Q branch are 
too weak to be measured. It was found that calculated 
lines fell very close to the observed R branch lines, so 
that the “‘m numbering” of the R branch lines was un- 
ambiguously determined. Moreover, in each case the 
head of the Q branch coincided very closely with one of 
the calculated line positions, so that the origins of the 
bands were uniquely determined. The measured wave 
numbers of the lines of the bands and their classifica- 
tions are set out in Table II. Table III gives the lower 
state combination differences for the two bands. They 
agree for each J value within the accuracy of the 
measurements. : 
When the effect of centrifugal distortion is included," 
the combination differences are given by the expression 


A.F(J)=F(J+1, K)—F(J—1, K) 
= (4B—6D,—4DsxK*)(J+3)—8Ds(J +3) 
=4B(J+})—8Ds(J+}). 


The term (—6D;—4D,;xK") is small compared to 
4B, and it may be neglected, since investigations of 
related molecules! show that D,; and Dyx are not 
greater than about 5X10-* cm~'. However, the term 
8D,;(J+4)* begins to make a significant contribution to 
A.F(J) for J>10 because of the influence of the factor 


TABLE III. Combination differences for CD;C.H. 








AoF’’ (J) tor 9698 AoF’(J) for 12732 








J cm”! band cm~! band 
6 6.38 
7 7.35 
8 8.25 oe 
9 tee 9.33 
10 10.22 10.30 
11 11.21 tee 
12 12.26 tee 
13 13.21 12.23 
14 14.19 14.22 
15 15.23 15.22 
16 16.21 16.22 
17 17.16 17.17 
18 18.13 18.16 
19 19.09 19.13 
20 20.07 20.11 
Zi 21.14 21.11 
22 22.09 22.05 
23 23.02 ee 
24 23.99 
25 25.00 
26 26.01 
27 27.01 
28 28.02 








4 See G. Herzberg, Infrared and Raman Spectra of Polyatomit 
Molecules (D. Van Nostrand: Company, Inc., New York, 1949), 
p. 26. 

6 R. Trambarulo and W. Gordy, J. Chem. Phys. 18, 161 
(1950). 
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(J+). Consequently, if A,¥’”’(J) is plotted against 
(J+), one should expect the points to fall very nearly 
on a straight line of slope 4B’’, with small divergences 
from this line appearing at higher J values due to the 
tem 8D,(J+4)*. However, it was found that when 
AF’ (J) was plotted against (J+) the scatter of the 
oints was such that the influence of the term 
8D;(J+4)*® could not be directly detected. Neverthe- 
less it was possible to estimate the value of D,; from 
the P branch lines which have been observed for both 
bands to higher J values than the lines of the R 
branches, although A,/’’(J) values could not be calcu- 
lated for these high values of J. This was done by the 
following steps. 

(a) The effect of the term 8D ,(J+})* was first 
neglected and the combination differences of Table III 
were plotted against J+} [the function plotted was 
actually Af”’’(J)—0.96(J+3) ]. This plot is shown in 
Fig. 2. The slope of the line leads to an uncorrected 
value of B’”’ of 0.24522+0.0005. It is necessary to assign 
the rather high limit of error because only combination 
differences with J<10 may be considered when the 
term 8D,(J+ 4) is being neglected. 

(b) The combination sums R(J—1)+P(J) were 
calculated for each band and plotted against J*. The 
slope of the straight line so obtained gave the value of 
(B’— B’) and the ordinate for J?=0 gave the wave 
number of the band origin, vo. B’ was then calculated 
from B” and (B’’— B’). 

(c) The wave numbers of the rotational lines of the 
bands are given by the expression v= vo+(B’’+ B’)m 
—(B’’— B’)m* when the terms in Dy, are neglected. 
The values of B’’, B’, and vp) obtained above were sub- 
stituted into expressions of this form and the wave 
numbers of the lines calculated. The differences between 
the observed and calculated values are shown in Fig. 3. 
For the P branch of the 3v; band there is a pronounced 
divergence from the calculated values for J>30, and 
for the higher numbers of the P branch of the 4, 
band there is also a divergence upon which, however, 
there seems to be superposed some periodic effect. 

The lines of the P branch are given by the expression 


Px(J) = v9— (B+ B")J+(B’— BP? 
+(A’— BA" 4+- BO") — (D,'— Ds") F* 
+2(Dy'+Ds) FP (Ds — Ds) I? 
—((Dsk'— Dak’) P?—(Dak'+ Dar") J VR 
— (Dx'’—Dx")K'. 


The important terms in the above expression are 


Pr(J) = v9— (B’+ BY’) I+ (B’— BY) SL 
+(A’— B’— A" +B") K?+2(D,'+Dy")F* 
+(Dyx'+DsK") KJ. 


The last term (of which K? is a coefficient) does not 
give rise to significant deviations from the quadratic 
expression since only sub-bands with low A values con- 
tribute strongly to the intensity of the composite rota- 
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Fic. 2. A:F curve of CD;CCH in the ground vibrational state 
obtained from the 3»; band (crosses) and the 4»; band (circles). 
(Not corrected for centrifugal distortion.) 


tional “‘lines.”” The term 2(D,’+D,"’)J*, however, does 
contribute strongly for J>30. Consequently, the di- 
vergences of the wave numbers of the lines of the P 
branches from the quadratic expressions may be corre- 
lated with the effect of a term of the form 2(D,’ 
+D,")m’. In this way it is possible to estimate the 
value of D,’’(~D,’) approximately. By this method 
values of D; of 6X10-7 cm™ and 310-7 cm~ were 
obtained from the 3», and 4», band, respectively. 
Since no periodic effect is noticeable for the 3»; band, 
the former value may be given more weight so that 
5X 10-7 cm~ was adopted as a very rough estimate of 
D,;. This may be compared with the value of 3.8 10-7 
obtained for CF;H". Using this estimate of D,” 
the expression A,F’’(J)—0.96(J+3)+8Ds”" (J+4)* was 
plotted against (J+ 3) for the two bands. From the 
slope of the straight line obtained, the corrected value 
of By for CD;C2H was found to be 


Bo(CD3C2H) = 0.24565 cm~'+0.00020. 


Assuming the same value of Dy for CH;C2H, the 
data given by Herzberg, Patat, and Verleger' were re- 
plotted in the same way to give 


Bo(CH3C2H) = 0.2847; cm'+0.00040. 
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Fic. 3. Divergences of wave numbers of rotational lines from 
quadratic formula: A, for 4v; band; B, for 3», band. 
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Fic. 4. 1.164 absorption band of diacetylene. 





The final value of By for CD;C2H was combined with 
the values of B’’—B’ obtained by plotting R(J—1) 
+P(J) against J? to give the upper state B values for 
the two bands. In this way it was found that 


B;(CD3C2H) = 0.2438; cm 
B,(CD 3C 2H) = 0.2433, cm~!, 











If B,,) is plotted against 2 a straight line of slope a; 
should be obtained. The plot obtained in this case has 
a slight positive curvature. If a; is calculated from the 
expression B,,)=B,—)oa;(v;+d;/2) one obtains from 
the 3»; and 4»; bands, respectively, the results a; 
=().00061 and a,;=0.00058. 







(2) Diacetylene 





The photographic infrared bands observed for di- 
acetylene are listed in Table IV. One of these bands is 
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reproduced in Fig. 4. The assignment of the bands js 
from a recent paper'® on the vibrational spectrum 
of diacety’ene. This assignment must be regarded as 
tentative for these higher combination and overtone 
bands. As in the case of methyl acetylene, bands in- 
volving transitions from excited vibrational levels 
(“‘hot” bands) fall very close to the bands arising from 
the vibrationless state. For diacetylene this effect is 
more marked. The lowest vibrational level of di- 
acetylene, v9, is about 220 cm™ above the ground state, 
and consequently, the intensity ratio of the rotational 
lines of the “hot” band to the lines with the same J of 
the normal band will be approximately (g1/g2)e~™/*? 
where g; and g» are the statistical weights of the 220 
cm! and ground vibrational levels, respectively. The 
ground state transitions observed in the photographic 
infrared region are all >> ,,+<—>_,* transitions. The 220 
cm~! vibrational level has 7,, symmetry ; hence the most 
intense of the “thot” bands will correspond to a transi- 
tion of the 2,<—7, type. The symmetric rotational 
levels of the >>,+ ground state have an effective sta- 
tistical weight of 1, and the antisymmetric levels a 
weight of 3 apart from the usual (2/+1) fold de- 
generacy of the rotational levels. For the 7,, vibrational 
level each rotational level consists of almost coincident 
symmetric and antisymmetric sub-levels also with 
weights 1 and 3, respectively. The degeneracy of these 
rotational levels corresponds to the twofold degeneracy 
of the 7, level. The effective degeneracy of each rota- 
tional level of the ,, level is, therefore, 4. The ratio of 
the intensity of the strongest rotational lines of the 
ground state band to that of the strongest lines of the 
“hot” band, (go/gi)et?/*7, is then (3?) 2.97=2.2 for 
the strong lines of the normal band and (4) X 2.97=0.74 
for the weak lines. 

The spacing between the rotational lines of these 
bands is about 0.30 cm while the resolving power of 
the grating is such that lines 0.20 cm~ apart might be 
separated. Since every normal band is necessarily ac- 
companied by an almost coincident “hot’’ band, it 
would be expected that only the strong lines of the 
normal band would show clearly while the weak lines 








TABLE IV. 
Wave 
number e 
(vacuum) Assign- 
cm~! Remarks Intensity Structure ment 
These are minima 4ave 
12714 between three ms Partly resolved : ie 
12700 maxima pe 
12624 (estimated origin) vw P R maxima ; 
11860 (estimated origin) vow Parallel (resolved) 3nitne 
11708 (origin) w Parallel (resolved) 3utM% 
9684 (origin) ms Parallel (resolved) 3u5 
9623 (estimated origin) w Parallel (P vatln 
branch resolved) ; 
8744 (origin) m Parallel (resolved) vite 
8578 (origin) m Parallel (resolved) Quits 









1 A. Vallance Jones, Proc. Roy: Soc. (London) A211, 285 
(1952). 
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SPECTRA OF MOLECULES WITH LONG ABSORBING PATHS 


of the normal band would be confused by the lines of 
the hot band which are of similar intensity. The spac- 
ings of the lines of the normal and “hot” bands are 
slightly different. Therefore, at certain wavelengths the 
lines of the two bands would almost coincide so that 
sharp lines would appear midway between the strong 
lines of the normal band while at other wavelengths 
the two systems of weak lines would be exactly “out 
of phase” so that an unresolved continuous absorption 
would be found between the strong lines. 

These expectations seem to be borne out by the ob- 
served bands (Fig. 4) especially the 1.14y (8744 cm) 
and 1.16 (8578 cm~') bands, wherein several cycles of 
the phase relationship between the weak lines of the 
normal band and the lines of the hot band may be 
followed. The bands at 11,708 cm=! (0.85y), 9684 cm 
(1.034), 8744 cm (1.144) and 8578 cm™ (1.16y) all 
show a clearly defined series of strong rotational lines. 
It should be noted that the intensity alternation of the 
lines of the diacetylene bands as seen in Fig. 4 may be 
influenced by the associated ‘‘hot”’ band as is discussed 
above. It is certain, however, that the lines of even J of 
the P and R branches are considerably weaker than the 
lines of odd J. The appearance of the bands is entirely 
consistent with the predicted 1:3 ratio between weak 
and strong lines,!” although it might also be consistent 
with some other intensity ratio or even with the ab- 
sence of the lines of even J. However, since the choice 
is between an intensity alternation in the ratio 1:3 
(for a symmetrical linear C4H;!') and no alternation at 
all for a nonsymmetrical molecule, there does not seem 
to be any doubt that the former alternative is correct. 

The absorption at 12,714-12,700 cm™ was studied in 
the second order of the grating. Although a large num- 
ber of rotational lines were resolved, the structure of 
the band seems to be rather complex. There seem to be 
three absorption maxima, so that it is possible that 
this absorption comprises two separate >°.*<—)0,*t 
bands. No attempt was made to carry out a rotational 
analysis of this band. Of the weaker bands listed, that 
at 12,624 cm is too weak for the fine structure to be 
developed. The band at 11,708 cm™ is also very weak, 
but was satisfactorily resolved using the grating in the 
second order and the 2-meter multiple reflection cell at 
a gas pressure of 320-mm mercury. The band at 9623 
cm is weak and shows fine structure towards longer 
wavelengths, although its contour resembles that of the 
strong 12,714-12,700 cm absorption. 

Analyses of the rotational structure were made for 
the bands at 8578 cm= (1.16u), 8744 cm= (1.14y), 
9684 cm- (1.03), and 11,708 cm=! (0.85). The regions 
hear the origins of these bands are confused by the 
lines of the associated “hot” bands. Consequently, the 
telative numbering of the strong lines of the P and R 
branches had to be determined by fitting the wave 


a 


"'G. Herzberg, see reference 14, p. 18. 


TABLE Va. Wave numbers of band lines. 








1.16 band 0.85 band 
P R P R 


8577.61 8578.16 
77.02 78.94 
76.41 79.46 
75.72 80.22 

80.71 

81.26 

81.80 

82.33 

82.89 

83.41 

83.92 

84.41 

84.92 

85.42 

85.93 

86.37 

86.83 

87.28 

87.77 

88.21 

88.63 

89.09 

89.53 

89.99 





11707.77 
07.03 
06.35 
05.74 
05.13 
04.46 
03.86 
03.22 
02.59 
01.83 
01.14 
00.50 

11699.73 
99.05 
98.34 
97.60 
96.82 


11711.31 
11.83 
12.31 
12.87 
13.35 
13.86 
14.31 
14.80 
15.26 
15.72 
16.16 
16.60 
17.03 
17.46 
17.84 
18.25 
18.54 
18.98 


8573.93 
73.32 
72.69 
72.04 
71.39 
70.75 
70.08 
69.44 
68.74 
68.05 
67.32 
66.62 
65.90 
65.20 
64.50 
63.78 
63.08 








numbers of the lines to an expression of the form 


v=votamt+bm’. 


Here m is odd, for the lines of one branch, and even, 
for the lines of the other. In this way, it was found 
possible to fix the relative numbering quite definitely. 
The wave numbers of the rotational lines of the 
bands are listed in Tables Va and Vb. As it was not 
possible to determine the position of the band origins 
by inspection of the plates because of the presence of 
the “hot” bands, the determination of the correct 
J-numbering proved a difficult task. However, since 
all the main bands arise from transitions from the 
vibrational ground state of the molecule the lower 
state B value obtained by the method of combination 
differences should be identical for all four bands, pro- — 
vided that the correct J-numbering has been used in 
the analysis. If an incorrect J-numbering has been 
chosen, the apparent B” value calculated will be in- 
correct by n(B”—B’) when the numbering is in error 
by m. (m must be even since only odd values of J are 
possible for the strong lines.) Hence, incorrect J-num- 
berings may be recognized because they lead to different 
apparent lower state B values for the different bands, 
since the factor (B’’— B’) depends on the B values for 
the upper states. The success of this procedure depends 
upon the differences between the B values of the upper 
vibrational levels of the bands. Consequently it would 
be expected that this difference would be most marked 
between ternary and quaternary combination levels. 
Table VI gives B” values for the four bands analyzed, 
calculated for four possible numberings. It is clear that 
agreement within the limits of accuracy of the measure- 
ments is obtained only for numbering X, and that it is 
the comparison between the quaternary combination 





TABLE Vb. Wave numbers of the band lines. 








1.034 band 1.14y band 
J P R P R 





1 

3 9682.93 9684.93 

5 82.33 85.51 8745.94 

7 81.75 86.08 8742.19 46.48 

9 81.11 86.62 41.56 47.05 
11 80.51 87.23 40.90 47.65 
13 79.91 87.76 40.26 48.14 
15 79.30 88.34 39.61 48.61 
17 78.65 88.91 38.99 49.16 
19 78.00 89.42 38.29 49.69 
21 77.39 89.95 37.66 50.17 
23 76.75 90.46 36.98 50.68 
25 76.07 90.98 36.33 51.16 
27 75.43 91.48 35.65 51.66 
29 74.78 91.99 34.99 52.12 
31 74.12 92.48 34.27 52.54 
33 73.44 93.08 53.00 
35 72.77 53.55 
37 72.04 93.94 32.39 53.88 
39 71.40 94.32 31.68 54.33 
41 70.70 94.86 31.00 
43 69.99 95.40 
45 69.31 
47 68.58 


67.89 








band at 0.85 and the three ternary bands which is 
decisive in deciding the issue. The correctness of this 
choice of numbering is also indicated by the observa- 
tion of the P(1) line for the 1.16u band. This line would 
correspond to the position of the weak R(0) line for 
numbering Y which, as may be seen from Table VI, 
is the only possible alternative to X. While the presence 
of lines of the “‘hot’”’ band detracts from the conclusive- 
ness of this argument, this P(1) line closely resembles 
the adjacent odd numbered lines of the P branch and 
does appear to be the first line of the P branch. 

The lower state combination differences from which 
the B” values of Table VI were calculated are listed in 
Table VII. The B’ values for the upper states were 
calculated by plotting the combination sums P(J) 
+R(J) against J(J+1). This gives a straight line of 
slope 2(B’—B’’) and intercept 2%+2B’. The final 
mean value for By was 


Bo(C4He2) = 0.14641+-0.00013 cm. 


The B’ and » values obtained are set out in Table VIII. 
From the value of B’’—B’ for the 3v4 band (1.03), it 
is possible to derive a value of a,=0.00022;. The assign- 
ment of the remaining bands is less certain; however, 
if the assignments of Table IV are taken as correct the 
following a values may be derived: a:=0.00023;, ae 











TABLE VI. 
Numbering 
Ww xX Y p 
0.854 band 0.14387 0.14635 0.14866 
1.03u band 0.1454, 0.14654 0.1480, 0.1493, 
1.144 band 0.1445, 0.1463. 0.1483 0.15055 
1.164 band 0.14472 0.1464. 0.1480. 0.1494, 
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=0.00049s, a5=0.000359, or 0.00032. (depending on 
the vibrational assignment adopted for the 1.16 band), 






D. THE STRUCTURE OF THE MOLECULES 
(1) Methyl Acetylene 


The moments of inertia calculated from the B, 
values for the methyl acetylenes are 


CH;—C=C—H Iz= 98.27oX 10-” g cm? 
CD;—C=C—H J[,=113.90.X10™ g cm’. 















The molecule has been shown by Herzberg, Patat, and 
Verleger' to have the structure shown in Fig. 5 which 
also provides a key to the symbols used for the struc- 
tural parameters. The methyl CH bond length d was 
assumed to be 1.093A which is the value found for 
methane.'® The acetylenic CH and C=C distances 










TABLE VII. Ground state combination differences. 

















A2F”’(J) =R(J —1) —P(J +1) 





















J 0.85 band 1.03 band 1.144 band 1.16u band 

2 

4 

6 3.76 3.75 3.74 

8 4.97 4.92 
10 6.18 6.11 6.15 
12 7.37 132 7.38 7.33 
14 8.45 8.46 8.53 8.48 
16 9.65 9.69 9.62 9.64 
18 10.76 10.91 10.87 10.85 
20 12.03 12.03 12.03 12.02 
22 13.17 13.20 13.19 13.17 
24 14.30 14.39 14.35 14.33 
26 15.53 15.55 15.51 15.48 
28 16.67 16.70 16.67 16.68 
30 17.82 17.87 17.85 17.88 
32 19.00 19.04 19.05 
34 20.21 20.31 20.21 
36 (21.16) 21.38 
38 (22.54) 22.57 
40 (23.62) 23.71 
42 (24.87) 24.85 
44 (26.09) 26.01 















were assumed to be the same as those found in acety- 
lene, namely 1.059A and 1.207A, respectively. With 
these assumptions the remaining two parameters, the 
C—C bond length, c, and the methyl group angle ¢ 
(Fig. 5) may be determined from the moments of inertia 
of thé normal and deuterated molecules. The moment 
of inertia of CD;C2H is given by 


Ip=mcb?+my(b+a)? 
+mcce?+smpe sin?g+3mp(c+d cos¢) 
[(3mp+mc)c+3mpd cose— (me+my)b—mua} 
if 3mc+muyt+3mp | 


and that of CH;C2H by an analogous expression ob- 
tained by putting mp=my. Substituting numerical 




















18 G. Herzberg, see reference 14, p. 456; reference 14, p. 440. 
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SPECTRA OF MOLECULES WITH 


values for known and assumed constants in the above 
equations leads to two simultaneous equations in c and 


COS¢. 
9,388c?+ 1.534 cos*o+4.129¢ cose 
+1.2587c+2.768 cosp—41.76=0 


10.484c?+- 2.596 cos’e+ 7.676 cose 
+14.057c+5.146 cosp— 48.908 =0. 


A graphical solution of these equations led to the result 


c= 1.467+0.003A 
g=70.6°+0.5°. 


These results differ slightly from those reported in the 
preliminary note® on this work; the expression used 
then for the moment of inertia of CD;C2H contained a 
minor error. 

The limits are estimated standard errors. The angle 
is equivalent to an ¢ HCH for the methyl group 


+ HCH= 109°33’+30'. 


While these results were being prepared for publica- 
tin we received, through the courtesy of Professor 
Gordy, the manuscript of a paper by Trambarulo and 
Gordy on the microwave spectrum and structure of 


TABLE VIII. 








0.85 


11708.49 
0.1452, 


1.03u 


9683.81 
0.14574 


1.14p 


8744.22 
0.1454; 


1.164 


8577.88 
0.1456, 





v (cm) 
B' (cm7) 








methyl acetylene. They were able to determine all the 
geometrical parameters independently by investigating 
the spectra of a number of different deuterated methyl 
acetylenes. However, they did not investigate the micro- 
wave spectrum of CD;CCH. Their results confirm the 
assumptions made above for the C=C and C—H dis- 
tances within +0.003A. The values for rc_c and « HCH 
obtained above agree with theirs within the limits of 
experimental error assigned to the two measurements. 


(2) Diacetylene 


The rotational structure of the observed rotation- 
Vibration bands shows conclusively that diacetylene is 
linear. Moreover, the intensity alternation observed 
indicates that the molecule is symmetrical. The length 
of the central C—C bond may be calculated from the 
moment of inertia for the vibrational ground state if 
the lengths of the other bonds are assumed. It is prob- 
ably reasonable to assign to the C—H bond length a 
value near to that found in C:H, and HCN"™”; the 
value used in this calculation was 1.060A. The C—C 
bond length may then be calculated for different as- 


il 


“G. Herzberg, see reference 14, p. 398. 
B. D. Saksena, J. Chem. Phys. (to be published). 


LONG ABSORBING PATHS 


Fic. 5. Structure of methyl acetylene and key to 
structural parameters. 


sumed C=C bond lengths. In this way pairs of values 
of rc_c and rc=c may be obtained which are consistent 
with the moment of inertia obtained in this work. The 
following are a set of such values which covers the 
likely range of variation rc=c. 


1.18) 1.19 1.20) 1.210 
1.41, 1.40, 1.38 1.37; 


The value of rc=c in diacetylene is probably very close 
to the lengths of this bond in acetylene'* and methyl 
acetylene”, namely, 1.207A. It might be expected that 
the conjugation between the two triple bonds would 
lead to a slight increase in the triple bond length as well 
as to a shortening of the central single bond. 

The above results may be compared with the elec- 
tron diffraction values obtained for diacetylene by 
Pauling, Springall, and Palmer.’ They found re=c= 1.19 
+.02A and rc_c=1.36+.03A. The situation is repre- 
sented graphically in Fig. 6 in which the curve a is the 
locus of these possible pairs of values of rc_c and rc=c 
which are consistent with the moment of inertia of 
C,H». The electron diffraction values of rco_c and rc=c 
reported by Pauling, Springall, and Palmer are repre- 
sented by the circle 5 of which the radius is equal to the 
limits of error estimated by them. If it is assumed that 
rc=c has the same value as in acetylene, namely 1.207A, 


1.220A, 
1.356A. 


'Cc=C 


7C-—C 





1.44 


— —F ome (CH2) 











21 
Fic. 6. Curve a: Values of ro_c and rcec consistent with 


moment of inertia of C,H». Circle b: Electron diffraction deter- 
mination of ro_c and roec in C4Ho. 
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then it may be seen that a value of rc_c of 1.37;A will 
be consistent with the observed moment of inertia. It 
is interesting to note that the point representing this 
pair of values also lies within the limits of error of the 
electron diffraction results. This pair of values may. 
therefore be adopted provisionally for C,H». It may be 
pointed out, however, that if rc=c is longer than normal 
because of the effects of conjugation, then rc_c may be 
somewhat shorter. 

In any case, there is no doubt that the central single 
bond is considerably shorter than the normal C—C 
single bond length 1.54A. As this result seemed to be in 
conflict with the low stretching force constant reported 
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for the molecule the vibrational spectrum was subse- 
quently reinvestigated.’® It was found that the assign- 
ment of this spectrum had to be revised and that the 
revised assignment did indeed lead to a stretching force 
constant considerably higher than that normally found 
for C—C single bonds. 
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The calculation of root-mean-square end-to-end distances (R,) is carried out for polybutadiene-type 
molecules. A table and graphs are given for this dimension as a function of the fraction of 1,2 and 1,4 addi- 


tion and the percentage cis- and trans-configuration about the double bonds remaining in the chain. Also the 
root-mean-square radius of gyration (R,) for molecules with all 1,4 addition has been calculated. It is found 
that R,?=6R,? as is true for polymer molecules all of whose bonds can rotate completely freely and for 
those molecules where freely rotating bonds maintain fixed valence angles. Free rotation about the single 
bonds, a linear chain, no volume exclusion effect, and a polymer molecule with many monomer units are 


assumed. 


I. INTRODUCTION 


EVERAL experimental methods have been devised 
and are currently in use for estimating the dimen- 
sions of polymer molecules in solution. It is frequently 
of interest to compare these results with those obtained 
theoretically on the basis of various models of the 
polymer molecule. Such calculations have been made, 
for example, for the root-mean-square end-to-end dis- 
tance for molecules whose uniform segments can rotate 
freely about the connecting bonds!” and for molecules 
all of whose segments have the same size and can rotate 
freely with a fixed bond angle about their neighbor.’ 
Wall‘ has also made such a computation for the case 
of polybutadiene molecules where polymerization is 
characterized by all 1,4-type addition and where the 
configuration about the double bonds is all cis, all 
trans, or a random 50 percent mixture of cis and trans. 
Radius of gyration calculations have been made for 
polymer molecules with completely freely jointed uni- 
form bonds® (even with branches) and with bonds free 
*This work was supported at Mellon Institute by the Re- 
construction Finance Corporation, Synthetic Rubber Division. 
1 W. Kuhn, Kolloid-Z. 68, 2 (1934). 
2 E. Guth and H. Mark, Monatsh. 65, 93 (1935). 
3H. Eyring, Phys. Rev. 39, 747 (1932). 
4F. T. Wall, J. Chem. Phys. 11, 67 (1943). 
a 9) H. Zimm and W. H. Stockmayer, J. Chem. Phys. 17, 1301 









to rotate about their neighbors with a fixed bond angle. 


In synthetic polybutadiene-type molecules it has 
been demonstrated that both 1,2 and 1,4 addition take 
place with varying amounts of cis- and trans-configura- 
tion about the double bonds.*-® Furthermore, it is even 
possible to determine experimentally the percentages of 
each of the types of addition and configuration.!** It 
therefore becomes of interest to have available calcula- 
tions for the root-mean-square end-to-end distance and 
radius of gyration for these types of molecules. These 
computations are carried out here using the method 
established by Wall. These results are also applicable 
to other polymers such as polyisoprene, GR-I, GR-S, 
butadiene-viny] co-polymers, etc. 

First the calculation of the end-to-end distance is 
shown for all 1,4 addition with varying amounts of 
cis-, trans-configuration. This is followed by an approxi- 


6 P. Debye, J. Chem. Phys. 14, 636 (1946). 

7E. N. Alekseeva and R. M. Belitzkaya, Rubber Chem. 
Technol. 15, 693 (1942). 

8H. W. Thompson and P. Torkington, Trans. Faraday Soc. 
41, 246 (1945). 

9J. D. D’Ianni, Ind. Eng. Chem. 40, 253 (1948). 

10 Field, Woodford, and Gehman, J. Appl. Phys. 17, 386 (1946). 

u - J. Hart and A. W. Meyer, J. Am. Chem. Soc. 71, 198) 
(1949). 

2 R. R. Hampton, Anal. Chem. 21, 923 (1949). 
13 W. S. Richardson, private communication. 
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DIMENSIONS OF POLYBUTADIENE-TYPE MOLECULES 


mate computation of this quantity for polymers which 
also have 1,2 addition. Finally, a formula for the radius 
of gyration for polybutadiene molecules with all 1,4 
addition is derived. As in most previous work of this 
type, the assumptions are made that the number of 
atoms in the chain is very large, that the chain is 
linear with no branches, that there is no volume ex- 
clusion effect, and that there is free rotation about 
single bonds. 


I, END-TO-END DISTANCES FOR MOLECULES WITH 
PURE 1,4 ADDITION 


Following the example of Wall, the bonds are repre- 
sented by vectors Ai, Bi, C,, D,, Ao, B,, +. D,, and 
the vector joining the first and last carbon atoms is 
called R,, where 


R,=A,+B,+C,+-D,+A.+ - . -+C,+D,. (1) 


Here is the number of monomer units in the chain 
(see Fig. 1). All bonds labeled B are double bonds, while 
the rest are single bonds. Then 


R,: R,= A,-A,+ B,-B.+-C,-C,+D,-D,+ A,- As 

$+++-+Dpy:Dy+2(Ar-Bi+-Bi- C+ C,- Ds 

+D,: Ao+ By -+C,- D,)+2(Ai- C:+B;- D, 

+(C,-A.+ D,-B.+ ited -+B,- D,)+ — 

+2(Ai-C,+B,-D,)+2A:-D,. (2) 

Let a be the angle between a single bond and the ex- 
tension of a neighboring single bond, 6 the angle be- 
tween a double bond and the extension of an adjacent 
single bond, o the length of a single bond, p the length 
of a double bond, A=cosa, and v=cos@. It is clear, as 
Wall has pointed out, that 


A;- A;= C;- C;= D;- D;=0 
B;- B,;= p” 
A;- B;= B;- C;=cpv 
C;- D;= D;- Aji1=0° 
(C;- Ajz1)w= 0°? 
(B;- D;)w= (D;- Bi1)a= ophy 
(B;- Aj+1)0=(C;- Bi1)a= opd?v 
and 
(B;- Biz: )w= pr. 
If the configuration across the double bond is érans, 
(Aj-C;)a= 02; if it is cis, then (A;-C;)4=0 cos26; and 
if the probability of it being trans is t, then 


(Aj-C;)=o7n, (4) 


where p=/+(1—)cos26. This general expression will 
be used throughout the remainder of this paper. It is 
assumed that the distribution of cis and trans is random 
80 that the probability of a given bond being cis is 
equal to the fraction cis in the whole polymer molecule. 


Pa the above and the work of Wall it can be shown 
at 


(A;- D;) y= (D;- Ci) v= o7\u 5 
(Ay Asa )w= (Cy- Cia)= (Dj: Dyan = 0° =0%K. ©) 


Fic. 1. A possible configuration of a polybutadiene-type 
chain with all 1,4 addition. 


For the scalar products of bonds further removed than 
four from each other 


(X5- Ym)av=[(X5- ¥n—1) 0 Ik, (6) 


where x=)2u, and X and Y represent A, B, C, or D. 
After taking averages on both sides of (2) and sub- 
stituting (3), (4), (5), and (6), it is found that 


2 
[o?(3x+2ru 


1—k 


1 1 
-R,?=—(Ry-Ry)w=30"-+p°+ 
Pp p 


+ +2A+d2)+ 2opv(1+A+A?)+p*r2v? ]. (7) 


This gives the average square end-to-end distance, R,’, 
for polybutadiene-type molecules for any ratio of cis-, 
trans-configurations in the case of all 1,4 addition. This 
gives the same result as Wall obtained for the special 
cases he worked out. 


Ill. END-TO-END DISTANCES FOR POLYMERS WITH 
BOTH 1,4- AND 1,2-TYPE POLYMERIZATION 


Monomer units which enter the chain by 1,2 addition 
contribute only two atoms to the chain. Let us desig- 
nate bonds in the chain from such sources by E and F 
while those from 1,4 addition will be called A, B, C, 
and D as before. Some possible configurations in such 
a chain are shown in Fig. 2. If there are » 1,4 units and 
m 1,2 units in a chain with p units all together, there 
will be 4%-+2m carbon atoms in the main skeleton. Let 
n/p=g and m/p=h. 

If a procedure similar to that indicated in the previ- 
ous section is followed and the scalar product R,-R, 
formed and averaged, it is found that 


R,2=(R,- R,)= (3n+2m)o?+-np?+ 2X Average of 
[>> (Products of neighboring bonds) 
+> (Products of bonds twice removed) 
+ >> (Products of bonds three times removed) 
+: (8) 


Listed below are the values of these products. It is 
assumed here that the probability of a given monomeric 
unit having added 1,2 is equal to the fraction 1,2, i.e., 
that the 1,2 units are randomly interspersed among the 
1,4 units. In this table we have written A-B instead of 
(A;-B;)«, etc., for brevity. Beside each product is 
written in parentheses the number of such products 





Fic. 2. A possible configuration in a chain with both 1,4 
and 1,2-type addition. 


which will occur in a polymer molecule on the average. 
Terms of order unity are neglected in comparison to 
terms of order m or n in this number. 

Products of neighboring bonds: 


A-B(n)=B-C(n)=cpv 
D- A(ng) = C- D(n)= D- E(nh) = E- F(m) 
= F- E(mh)=F- A(mg)= 
Products of bonds twice removed: 


A-C(n)=o7u 
B- D(x) = D- B(ng) = F - B(mg) = opdv 
C- A(ng) = C- E(nk) = D- F(nh) = E- A(mg) 
= E- E(mh) =F - F(mh) =0°d’. 


Products of bonds three times removed: 


A- D(n)=D- C(ng) = F- C(mg) = 07 ud 
B- A(ng) = B- E(nh) = C- B(ng) = E- B(mg) = opd*v 
C- F(nh) = D- A(nhg) = D- E(nh?) = E- F(mh) 
= F- A(mgh) =F - E(mh?) =0°d’. 
Products of bonds four times removed: 
A- A(ng) = A- E(nh) = C- C(ng) = D- D(ng) 
= E- C(mg) = F- D(mg) = 07 ur” 
B- B(ng) =p’ 
B- F(nh) = D- B(nhg) = F- B(mhg) = opr*v 
C- A(nhg) = C- E(nh?) = D- F(nh?) = E- A(mhg) 
= E- E(mh?) = F- F(mh?) = 0M. 


Products of bonds five times removed: 


A- B(ng) = B- C(ng) =opd2uv 
A- F(nh) = C- D(ng) = D- A(ng*) = D- E(ngh) 
= D-C(nhg)= E- D(mg) = F - A(mg?) 


= F- E(mgh) = F- C(mgh) =0°d*u 


B- A(nhg) = B- E(nh?) = C- B(nhg) = D- B(nh?g) 


= E- B(mhg) =apnv 


C- F(nk?) = D- E(nh*) = E- F(mh?) = F - E(mh') 


HERSHEL MARKOVITZ 


= F- A(mh?g)=0°'. 


Products of bonds six times removed: 


A- C(ng) = 07d? 
A- A(nhg) = A- E(nh?) = C- A(ng?) = C- E(ngh) 
= C- C(ngh) = D- F(ngh) = D- D(nhg) 
= E- A(mg’) = E- E(mgh) = E- C(mhg) 
= F- F(mgh) =F - D(mhg)=0?dy 
B- D(ng)= D- B(ng’) = F- B( mg?) = opr uv 
B- B(nhg) =p’ 
B- F(nh*?)= D- B(nk’g) = F - B(mh?g) = opr*v 
C- A(nh?g) = C- E(nh*) = D- F(nh®) = E- A(mh?’g) 
= E- E(mh®) = F- F(mh*) = 05. 


Products of bonds seven times removed: 


A- D(ng) = D- C(ng?) = F- C(mg’) = M32 
A- B(nhg) = C- B(ng’) = E- B(mg’) = B- E(ngh) 
= B- A(ng’) = B- C(nhg) = opdpo. 


Other terms of order \° and smaller. 
Products of bonds eight times removed: 


A- A(ng’) = A- E(ngh) = D- D(ng?) = F - D(mg?) 
= A- C(nhg) = C- C(ng?) = E- C(mg?) = 0°: 
B- B(ng’) = p’A‘ur’. 


Other terms of order \° and smaller. 
Products of bonds nine times removed: 


B- C(ng*) = opd*p?v 


Other terms of order \5 and smaller. 
Products of bonds further removed contribute only 
terms of order \° and smaller and can be neglected. 
If the values tabulated above are substituted in (8) 
and the numerical values ¢=1.54A, p=1.34A, a 
= 68°30’, B=55°40’ used, the result obtained is 































1 
=R,2= 10.22+10.38¢-+11.07ug—0.338g?-+0.555 ug" 
+-1.447u2¢?-+-0.023¢°—0.084ug?—0.086yu2¢?-+-0.011¢4, 







Table I gives the ratio of the root-mean-square en¢- 
to-end distance to the square root of the degree of 
polymerization for various values of ¢ and g. The values 
of this ratio obtained by the use of this approximate 
expression for all 1,4 addition check within 0.04A with 
those obtained by the more exact formula (7). 

These results are graphed in Fig. 3. 










TABLE I. Ratio of the root-mean-square end-to-end distant? 
to the square root of the degree of polymerization for various 
fractions 1,4 addition and trans configuration. The values are it 
Angstrom units. 























tg 0 0.2 0.4 0.6 0.8 1.0 

0 3.19 3.39 3.57 3.73 3.89 4.03 
0.2 3.19 3.47 3.73 3.96 4.18 4.39 
0.4 3.19 3.56 3.89 4.19 4.47 4.74 
0.6 3.19 3.65 4.05 4.42 4.76 5.08 
0.8 3.19 3.73 4.21 4.64 5.05 5.42 
1.0 3.19 3.82 4.36 4.86 5.33 5.76 
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DIMENSIONS OF POLYBUTADIENE-TYPE MOLECULES 


In using these results for polyisoprene h is equal to 
fraction 1,2 plus fraction 3,4 addition. For butadiene- 
vinyl copolymers, / is equal to fraction 1,2 plus molar 
fraction vinyl component in polymer. 

It is of interest to point out that, using either the 
exact formula of Section IT or the approximate formula 
in Section III, the root-mean-square end-to-end dis- 
tance is practically a linear function of fraction cis- 
configuration. 


Iv. RADIUS OF GYRATION FOR MOLECULES WITH 
PURE 1,4 ADDITION 


For conciseness of notation let the bonds in the vec- 
tor model of the molecule here be labeled successively 
t, To, T3, Ya, etc., where the bonds rg (d=4k+2, & in- 
tegral) are double bonds and the rest are single bonds. 
Also let Mo be the mass of the first atomic group in 
the molecule, M, the mass of the second group which is 
at the other end of the first bond, M2 the mass of the 
third group, etc. The vector from the center of gravity 
to the zth atomic group (at the end of the zth bond) is 


8 designated as R,. From the definition of the center of 


gravity it is clear that 


M Rot M,Ri+ M.R.+ - , -+M,R,=0. (9) 
Since 


R.= Rotritretret+ +++ +n, (10) 


itcan be seen from (9) and (10) that 


—MR,=> M;> r;, 


i=1 j=1 


(11) 


where M is the molecular weight of the polymer and 
M=Mo+Mi4+-Me4+:::+M,. 
Dividing (11) by M, we can write 


=-> me n=-D > Mj; 


t=] j=1 j=1 
and therefore, 


R,= =D 1 -E udm 


j=t 


R,-R.= =cUr y-2 DK vm 


7=1 i=1 i=1 j=1 
& & & & 
+20 D riety me, Dm, 
i=1 j=l k=i mj 
where m;=M,/M. 
The average square distance from the center of 


gtavity to the particles in the chain for one particular 
ae will be 


at Pes, ms vm 


§ z=1 j=1 =I1 S§ zl i=1 j=1 


OF x 5D mE m 


t=] j—1 
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Fic. 3. Root mean square end-to-end distances for poly- 
butadiene-type polymer. p is the degree of polymerization. 
(R;?)ay is the average of the square of the end-to-end distance. 


while the average square distance from the center of 


gravity to the particles in the chain over all configura- 
tions is 


(12) 


1 2 
R?=- Di-- DetdDs; 
Ss § 


8 z Zz 


Di=L VD (rit) 


z=1 j=1 i=1 


SeeL ec denom 


z=1 i j=1 k=] 


, {ti rj) x mM > mi, 


l=j 


(13) 
(14) 


2.3" (15) 


and where angular brackets indicate that the enclosed 
quantity is to be averaged over all configurations. 

In order to evaluate >°;, it is convenient first to con- 
sider the sums of form 


Si=¥ E (ten) 


and to evaluate separately the cases where / has values 
which can be represented as 4k, 4k+1, 44+2, and 
4k+3, where & can taken on integral values from 1 to 
p—1and p=s/4. 

Equation (13) can then be written as 


p—1 
L1=Sit¢ Set Sst StL (Stet Saeys 
k=1 


+Sarzot+Sarzs). (16) 


Using the results of Section II, it can be shown that 
Si=0? 

S2= 07+ p?+ 2epv 

S3= 20°+ p?+2apv+o7u 

k—-1 1—«i 


+C2> 


ful i—-« 


k 1—«i 
S4n= —3ko?— kp?+ Ac, se 


i=1 1—k 


al 














k K Ket 
= int 3ho+2|C( _ + ) 
1—x (1—x)? (1—x«)? 


k—-1 K Kk 
cal +——)] 
1—« (1—«)? (1—«x)? 


Snyi=Saxto?-+2C3(1—x*)/(1—x) 

Sins2= Sarpitp?+2opv+2prvC3(1—x*)/a(1—k) 

Sings=Sanyo-+0?+2opv+20%u 
+2opr+2urC3x(1—x*)/(1—x) kD 1, 





where 
Ci = 30°+ 2cpv+o7A+ opr +o7u+o7A\u 
Co=07\+o7Au+o7A?+ 2opvr?+ oprv+ p*r?v? 
C3=o°Aut+opAv+o7A+ 0". 
After substitution of the above equations into (16), 


performing the indicated summations and taking the 
limit as p becomes large with respect to 1, the result is 


Y= s*[0?(3-+4A4+ 2ut 4rut 20+ 3d) 
+4opv(1+A+A?)+ p?(1—A2p:-+- 2d2r”) ]/8(1—«). 


Equation (14) can be rearranged to show that 


(17) 


=> (s—4k+1) fatd (s—4R-+2) fara 


k=1 


+3 (s—4k+3) fut D (s—4k+4) fas, (18) 


where 
& 


f= (ten) E me (19) 


7=1 

Using the results of Section II, it can be found that 
fac=DiGi.t DoH; . 

faxra= (D,/\)G. + DAH, +-07(A— 1/A)(1 =e ku) 


Six-2= (Dipv/odw)Gy+ (Doprv/o) H+ (1 - ku)p 
X (ptov+orv—pvr?/u—ov/u—orv/k) 


(20) 


and 


fax—3= (D1/w)Gi t+ DadAvH.+ (1—ku)o(py+ou 
+odu—pr/p—o/u—o/du), 


HERSHEL MARKOVITZ 





where “= m+me+m3+m4=1/p, Di=o?Au+oprAv+0 


k-1 
D2.=0*+opr\v+o*hu+orx, Ge=Lo {1—(k—J)u} xi, 
j=0 


p—k 
Hp=L w{1—(R+) 4}, 

j=0 
and where terms of order m, have been considered 
negligible with respect to 1 as have terms of order 1 
with respect to p. If Eqs. (20) are put into (18), the 
summations performed, and the result algebraically re- 
duced, it is found that 


D2=F L- (21) 
The sum >>; can be rewritten as 


8 & 8 8 s 8 
Ls=L Lam DV (ry: 1;) ~ m=) dv mf i 
i=1 k=i j=1 l=j i=1 k=i 


c= a (fart fart far—ot fax—s) (1— ku), (22) 


where f; has been defined in (19) and negligible terms 


have been dropped. Using (20) in (22) it can than be | 


shown that 
Dis= (1/s)d02= (2/3s)Qi1. (23) 
If (4) is evaluated by using (17), (21), and (23), it is 
found that 
R?/s= (45)>1= [0?(3+4A-+ 2d?) + 4opv(1+A+)’) 
+ p?(1+ 2dr?) + p{o?(2+4A+ 3d’) 
—p°r2}/24(1—x). (24) 
Since s=4¢, it can be seen from (7) and (24) that 
R,?/R?=6. 


The ratio R,?/R,? has the same value for polybutadiene- 
type molecules as it does for chains with completely 
free bonds and for those with bonds able to rotate 
freely with fixed valence angles. 
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Statistical Mechanics of Dilute Polymer Solutions. III. Ternary Mixtures 
of Two Polymers and a Solvent* 


W. R. KRricBAuM AND P. J. FLory 
Department of Chemistry, Cornell University, Ithaca, New York 


(Received January 21, 1952) 


Expressions are derived for the osmotic pressure and turbidity of a dilute solution of two chemically dis- 
similar polymer species in a solvent. The relations obtained are contrasted with those derived through use of 
the free energy of mixing as given by the quasi-crystalline lattice model. Use of equations based on the 
lattice model to evaluate polymer-polymer interaction parameters from dilute solution data is shown to be 


valid only in special instances. 





INTRODUCTION 


HE first treatments of the thermodynamics of 

polymer solutions? were based on the quasi- 
crystalline lattice model. These and later treatments of 
the lattice model, while providing a theoretical inter- 
pretation of polymer solutions over a wide concentra- 
tio range, nevertheless possess severe shortcomings 
when applied to the region of low polymer concentra- 
tion. 

In a recent paper by one of the authors‘ the thermo- 
dynamics of dilute polymer solutions was developed 
without recourse to the artificial lattice model. The par- 
tition function for a pair of molecules was set up from a 
consideration of the detailed segment-segment inter- 
actions. From this pair partition function the second 
coefficient A» in the power series expression for the 
osmotic pressure 


n=RT[ArctAv?+Ase+:--] (1) 


could be evaluated. An approximation for the third 
coefficient A; was also obtained. In a later paper® this 
treatment was expanded and extended to include multi- 
component systems composed of a single solvent and 
several polymer homologs differing in molecular weight. 
The present paper represents a further extension of this 
treatment for dilute solutions to ternary systems com- 
posed of a solvent and two chemically different polymer 
species. 


THE PARTITION FUNCTION FOR THE 
DILUTE SOLUTION 


The solvent will be designated by subscript 1 and 
chemically dissimilar polymer species by subscripts 2 


*This investigation was carried out at Cornell University in 
connection with the Government Research Program on Synthetic 
Rubber under contract with the Synthetic Rubber Division, Re- 
construction Finance Corporation. 

'M. L. Huggins, J. Chem. Phys. 9, 440 (1941); J. Phys. Chem. 
46, 151 (1942); Ann. N. Y. Acad. Sci. 43, 1 (1942). 

*P. J. Flory, J. Chem. Phys. 9, 666 (1941); 10, 51 (1942). 

*For a critical discussion of these theories based on the lattice 
model and their shortcomings when applied to dilute solutions, 
see the chapter “Thermodynamics of High Polymer Solutions” by 
P. J. Flory and W. R. Krigbaum in the Annual Review of Physical 
Chemistry, Vol. 2 (1951) (published by Annual Reviews, Inc., 
Stanford, California). 

*P. J. Flory, J. Chem. Phys. 17, 1347 (1949). 

41950) J. Flory and W. R. Krigbaum, J. Chem. Phys. 18, 1086 


and 3. Indices k, /, etc. will denote particular polymer 
molecules, while indices i, 7, etc. refer to particular 
polymer species, allowing for both differences in molecu- 
lar weight and chemical character. For a system con- 
sisting of two polymer types, each of which is molecu- 
larly homogeneous, 7, j, etc. reduce to 2 and 3. 

Following the original development, we first calculate 
the free energy change when two polymer molecules, 
which may or may not be of the same chemical type, 
approach one another until their centers are separated 
by a distance a, :. The distribution of segments within 
each molecule is assumed to be Gaussian about its 
center of gravity; i.e., 


pe= Xz (Bx?/m)! exp(—Bxsx") 
pi=X1(B7?/m)! exp(— Bis’), 


where p; is the density of segments of molecule k at a 
distance s;, from its center of gravity, and x; is the 
number of segments of molecule k. The parameters ’ 
appearing in the corresponding Gaussian expression for 
the various species are defined by 


B’=3/a((n*))4, (2) 


where ((%?))? is the root-mean-square distance from 
beginning to end of a chain of the given species (i) in 
the absence of interactions between remotely connected 
segments, and a is the factor by which the linear dimen- 
sions of the molecule are expanded due to intramolecular 
interactions.® 

We consider two elements of volume 60, one within 
each of two polymer molecules k and / whose centers are 
initially infinitely far apart. It is assumed that the 
volume elements are taken sufficiently small so that the 
distribution of segments within each volume element 
may be considered uniform. The free energy of forma- 
tion of the solution within a volume element 6U 
occupied by segments of a polymer molecule of type 2 
may be written 


5(AF) = kT(6V/Vi) [y’ Inv;’+ X1201'02" |, (3a) 


where kT x12 represents the standard state free energy 


6 For a more complete description of the parameters (7¢*) and a 
see P. J. Flory, J. Chem. Phys. 17, 303 (1949); P. J. Flory and 
T. G. Fox, Jr., J. Polymer Sci. 5, 745 (1950); and J. Am. Chem. 
Soc. 73, 1904 (1951). 
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874 W. R. KRIGBAUM 
of formation of a J, 2 contact pair from the pure com- 
ponents,*” V, is the volume of a solvent molecule, and 
v;’ and v,’ are the volume fractions within the volume 
element 5U of solvent and of polymer segments of 
type 2, respectively. The term kn Inve occurring in the 
ordinary entropy of mixing expression and arising from 
the distributions of centers of gravity of m2, polymer 
molecules over the total volume of solution, is omitted 
here, inasmuch as we are concerned only with the mixing 
of solvent with segments of a polymer molecule having 
a preassigned center of gravity. The corresponding 
expression for a volume element 6VU occupied by seg- 
ments of molecules of type 2 and 3 may be written 


5(AF) = kT(5V/V3) [ oy’ Inv,/+ X1201'Vo" 


+x1301'03’+ x2302'03' |. (3b) 


The volume fractions of polymer segments within 
the initially separate volume elements 6U are repre- 
sented by Vipx and Vipi, where V; and V; are the vol- 
umes of segments of polymer molecules k and /, respec- 
tively. When molecules k and / overlap so that the 
chosen volume elements coincide, the total volume frac- 
tion of polymer therein becomes (Vipx+ Vip). Accord- 
ing to Eqs. (3a) and (3b), the free energy change within 
this volume element when the two molecules approach 
one another is therefore 


5(AF) = kT(50/V3) 
X(L(1—Viex—Vipr) n(i— Viex—Vipi) 
- (1 _ Vipx) In(1 —_ Vip) a (1 aad V ip.) In(1 = Vip) 
+x1nV xpx(1—Vipx— Vipr) 
+xuV rpi(1—Vipe—Vipr)+xxiV epxV ipr 
—x1%V epx(1— Vipx) — x10V 1pi(1 — Vipr) ] 


Expanding the logarithms and suppressing higher terms 
in Vp, thereby limiting the result to regions of high 
dilution, 


5(AF)=kT pipi(ViV1/V1)(1—x1e— xr + xu) 60. 


x1 may be either x12 or x13 and similarly for x1. 

The contribution to the partition function for the 
pair of molecules from the volume element 6V is 
therefore 


f*=expl—pror(ViVi/Vi)(1—xue—xurtxe)d0]. (5) 


The total partition function for the pair of molecules 
with centers separated by a distance a,; is given by the 
product of f* for all volume elements, or 


(4) 


In f(ax2) =—2 f Ji(ViV1/0;51) peprdV, (6) 


where 

Tir=(1/2V1) (1— x1n— x1 t+ x41) D4. (7) 
Here 0, and d; are the specific volumes of polymer 
molecules k and /, respectively. If molecules k and / are 
of the same chemical type, x.:=0 and x14= x1. Substi- 


7E. A. Guggenheim, Trans. Faraday Soc. 44, 1007 (1948). 
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tuting the Gaussian functions for p, and p; and in- 
tegrating over all space exactly as before,* using cylin- 
drical coordinates taken from an origin midway between 
the centers of the two molecules, 


Inf(ax1)= — Xx exp(—y”*), (8) 

where 5 
X xr= JF e(Bua’)*mym,/2*n4 (9) 
y= Bra’ aur/2!. (10) 


Here m, and m, are the weights of the respective mole- 
cules, and B,:’ is related to the 6’ for each molecule 
as given by Eq. (2), according to 


(Bxa’)?= 28,"B1'?/ (Bx + Bi”). (11) 
The excluded volume for the &, / pair is 
uum f [1—f(ax1) 4raz?dax, 
0 
= 2T .~mym F(X ,1). (12) 
The function F(X;:) is given by 
F(Xx1) = (8/373) f expl — °— Xi exp(—y*) ]y‘dy 
; (13a) 


or, on series expansion and term by term integration by 
F(X 41) =1—Xyr/2 123+ X.7/3 133—---.  (13b) 


With the assumption }°m..<V, the partition func- 
tion for a dilute solution of total volume VU containing 
N polymer molecules may be written® 


nQ=N Inv— (1/2) >> >> xi /V. 


If NV; is the number of molecules of species i having 
molecular weight M, and similarly for species j, the 
partition function for the solution may be rewritten 


InQ=N Inv— (1/20)>> >> jN iN ju,;. (14a) 


Each summation includes all molecular species of both 
types 2 and 3. If both polymers 2 and 3 are molecularly 
homogeneous, Eq. (14a) reduces to 


InQ= Nind-— (1/20) N Puee+ NN sos tN 37u33 |. 
(14b) 


OSMOTIC PRESSURE OF THE TERNARY SYSTEM 
The osmotic pressure x being given by kT(d InQ/dV), 
then according to Eq. (14a) 
a=kT(N/V)+(kT/20)> DN Nj; (15) 
Noting that V/O0=(N. /M,,)c, where N is Avogadro's 
number and M,,=(N/N)>_.N wm; is the number average 
molecular weight, comparison of Eqs. (1) and (15) 
yields the following values for the parameters A, and A», 
A i= 1/M,, 


_ 16) 
A2= (N/2N?M 2) iN iN juss. 
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DILUTE POLYMER SOLUTIONS 875 


} Substituting for #,; from Eq. (12) 


A= Dir wu;(Jj/N)F(Xu); (17) 


where w; and w; are the weight fractions of the total 
polymer consisting of components i and j, ie., 
w=N:M;/>~:NiM,, the summations extending over 


‘| all polymer species. 


For a ternary system consisting of a solvent and two 
dissimilar polymer components, substitution for the J’s 
from Eq. (7) yields for the second coefficient 


Ag= (1/V1)[tw2?b2?(1/2— x12) F (X22) 
+ wewsd2d3(1—x12— X13 + X23) (Xo) 
+w-b?(1/2—x13)F (X33) ], (18a) 


where V; is the molar volume of solvent and d2 and #3 
are the specific volumes of polymers 2 and 3, respec- 
tively. 

Scott® has derived an expression for the osmotic 
pressure of such a ternary system based on the free 
energy of mixing obtained from the lattice model and 
hence not generally applicable to dilute solutions. A2 as 
deduced from Scott’s expression for the osmotic pres- 
sure differs from Eq. (18a) through omission of all 
factors F(X). 

A» for the ternary system involving two dissimilar 
polymers, as given by Eq. (18a), may be compared with 
the expression previously obtained for a single polymer 
species! 

A= (1/V1)02?(1/2— x12) F (X22) (18b) 


and to the expression for A» derived for a ternary sys- 
tem containing two polymer species i and 7 differing 
only in molecular weight® 


As= (1/ Vi)(1/2-— X12) D2"[ w2F (X is) 
+2w,w;F (Xj) +w7F(X;;) ]. (18c) 


From Eqs. (1) and (18a) the difference Ax between 
the osmotic pressure of the ternary system and the sum 
of the osmotic pressures of the two binary polymer- 
solvent systems, each of the two polymer species being 
at the same concentration as in the ternary mixture, is 


An=(RT/V1)(1—x12— X13 + X23) (X23)0203. (19) 


Turbidity of the Ternary System 


Expressions for the turbidity of multicomponent 
systems have recently been published by several 
authors," For a solution containing two dissimilar 
polymers, each of which is molecularly homogeneous, 
the excess turbidity 7 over that of the solvent may be 
written 


t/ HM = Dik PoM i— Vidi gh iF jeseiBry, (20) 
— 
*R. L. Scott, J. Chem. Phys. 17, 279 (1949). 
aoa C. Brinkman and J. J. Hermans, J. Chem. Phys. 17, 574 
cs Is. Kirkwood and R. J. Goldberg, J. Chem. Phys. 18, 54 
“W. H. Stockmayer, J. Chem. Phys. 18, 58 (1950). 


where 
By= (1/RT) (°F /dn,0n;)r, p (21) 


Here c, is the concentration in grams/cc of polymer 
species i having molecular weight M;, n; is the number 
of moles of polymer species 7 per cc, and 


Si=(On/dC:)7, pe 

H’ =32n'n?/3NM, 
n being the refractive index and \ the wavelength in 
vacuum. According to the partition function for the 


dilute solution as given by Eq. (14a), the Gibbs free 
energy F for the dilute solution is 


F=—kT[N InV—(1/20)>) > j;N iNyuit+---]. (22) 


Omitting terms of higher order than those appearing in 
Eq. (22), B.; is therefore given by 


B.j= Nuj;/V. (23) 


Combination of Eqs. (12), (20), (21), and (23) yields 
for the excess turbidity of the ternary system 


1/H'c= > ¢20.M; 
—2Lidish if wawjM Mj(Jy/N)F(X,j). (24) 


The difference Ar between the excess turbidity of a 
ternary polymer-polymer-solvent system and the sum 
of the excess turbidities of the two binary polymer- 
solvent systems, each of the two polymer species being 
at the same concentration as in the ternary mixture, is 


Ar/H’= — 4 6063C0c3M 2M 3(Jo3/N)F (X23), 
or recalling Eq. (7), this may be written 


Ar/H'= = (2/ Vi) S2fs0203M 2M 3 
X (1—xw—x1s+ X23) F(Xe3). (25) 


Stockmayer"™ has derived the corresponding relation for 
Ar based on the lattice model free energy of mixing. 
On replacing his interaction parameters by the free 
energy parameters x, his expression differs from Eq. (25) 
through omission of the factor F(X%3). 

Equation (24) may be transformed into 


H'c 1 1s Diff wjM M (J ij/N)F (X53) 





+ DedPwM, ° (Doig ?w:M,)? 
If we define a parameter v by 
P=>).¢2wM,/ wM; (26) 
and write H’y*c/7 as a power series in concentration, 
H'vc/r=Ay'+Ao'c+::-. (27) 
Then the parameters A,’ and A,’ are given by 
A/=1/M, 


28 
A= 23° .>j9:9;(Ji;/N)F(Xx), ( 


where 9;=w,M j¢;/M,,1( wM <2)! and similarly for ¢;. 
Substitution for the J’s from Eq. (7) for a ternary 
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system results in 
Aq! = (2/Vi)Lo2?2?(1/2— x12) F(X 22) 
+ vogsi203(1— x12— x13 + X23) F (X23) 
+ 93'b3"(1/2—x13)F (X33) ]. 


Conclusions 


(29) 


According to Eq. (18b) the osmotic second coefficient 
A» for a binary polymer-solvent system will vanish 
whenever x12=1/2. Under these conditions the ex- 
cluded volume 22 for the pair of molecules must also 
vanish (see Eqs. (7) and (12)), indicating the molecules 
may overlap one another freely. For a ternary system 
containing two dissimilar polymers, the osmotic second 
coefficient as given by Eq. (18a) and the excluded 
volumes %22, %33, and u%23 vanish simultaneously when 
X12=xX13=1/2 only if x23=0. The coefficient A: may 
vanish when x12 and/or x134#1/2 for particular values 
of w2; however, Ae will vanish for ali values of we if 
X12= X13=1/2 and x23;=0. The same conclusions apply 
to the light scattering parameter A2’ as may be seen 
from Eq. (29). 


W. R. KRIGBAUM 





AND P. J. FLORY 






It has been suggested that the interaction parameter 
x23 for dissimilar polymers could be determined by ap- 
propriate osmotic pressure® or light scattering" meas- 
urements on dilute solutions. However, these sugges- 
tions were based on equations derived from the lattice 
model free energy of mixing, and therefore not generally 
valid for dilute solutions. As pointed out earlier in this 
paper, the relations thereby derived for A» and A,’ 
differ from Eqs. (18a) and (29) through omission of all 
factors F(X), an omission which is justified only in the 
special case %12= 413= 423=0. Under all other conditions 
the true thermodynamic interaction parameters can 
be evaluated only by including the factors F(X), 
Stockmayer and Stanley” have reported a light scatter- 
ing investigation of the ternary system: butanone- 
polymethylmethacrylate-polystyrene. The interaction 
parameters which they obtained indicate the excluded 
volumes for all pairs are near zero; hence omission of the 
factors F(X) is probably justified for this system. 


( 250). H. Stockmayer and H. E. Stanley, J. Chem. Phys. 18, 153 
1950). 
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Gaseous Detonations. III. Dissociation Energies of Nitrogen and Carbon Monoxide* 


G. B. Kistrakowsky, HERBERT T. KNniGHT,f AND Murray E. MAtinf 
Gibbs Chemical Laboratory, Harvard University, Cambridge, Massachusetts 


(Received December 27, 1951) 


Detonation velocities have been measured in mixtures of cyanogen and oxygen at several pressures and 
in tubes of several diameters, with a reproducibility of the order of 0.1 percent. Thermodynamic calcula- 
tions of detonation velocities were carried out for several assumed heats of dissociation of nitrogen and of 
carbon monoxide and for several experimental conditions. Methods are described for the extrapolation of 
experimental velocities to the limit of an infinite plane wave in ideal gases. The comparison of these ex- 
trapolations with thermodynamic calculations gives best agreement for Dy,=9.76 ev and Dco=11.11 ev, 
the difference of experimental and calculated velocities averaging to 0.08 percent, with a standard deviation 
of 0.3 percent, which agrees with the predicted standard deviation. Several lower dissociation energies, 
which have been recommended on the basis of spectroscopic studies and of appearance potentials, give such 
poor agreement with these experimental data that they constitute very strong evidence in favor of the 


higher dissociation energies. 


HIS paper describes an attempt to use detonation 
velocities for quantitative thermodynamic studies 
at very high temperatures. Broadly speaking, the pro- 
cedure is similar to that which has been applied to the 
measurements of adiabatic flame temperatures and to 
the explosion pressures in closed vessels. Its disad- 
vantages are laborious numerical computations and a 
comparatively complex theoretical basis; the main ad- 
vantage, in principle at least, is the possibility so to 
design the experiments that no external mechanical 
and thermal disturbances influence the system before 
the equilibrium has been attained. 
* The research reported in this document was made possible 
by funds extended Harvard University under ONR Contract 


N5Sori-76 T. O. XIX NR-053-094. 
+ Present address: Los Alamos Scientific Laboratory. 


The properties of infinite plane detonation waves 
have been thoroughly explored theoretically. It has 
been conclusively shown that in such waves the chemi- 
cal reactions must reach the state of thermodynamic 
equilibrium and that the detonation wave parameters, 
including the velocity, are uniquely determined by the 
initial state of the explosive.'-* Since the detonation 
waves realizable in a laboratory are limited in extent, 
they are not rigorously plane and are followed by 4 


1D. L. Chapman, Phil. Mag. 47, 90 (1889). 

2 E. Jouguet, Compt. rend. 144, 415 (1907). 

3R. Becker, Z. Physik. 8, 321 (1922). . 
, - z B. Zeldovich, J. Exptl. Theoret. Phys. (USSR) 10, 542 

1 ; 

5 J. v. Neumann, “Theory of Stationary Detonation Waves,” 
OSRD report No. 549 (1942). 

6 W. Doering, Ann. phys. 43, 421 (1943). 
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finite pressure gradient in the rarefaction wave. The 
consequence of this may be incomplete attainment of 
equilibrium and a reduction of detonation velocity, which 
is essentially due to energy losses to the rarefaction waves 
moving from behind and from the lateral walls of the 
containing vessel. Indeed, experimental investigations of 
the hydrogen-oxygen mixtures, for which all the thermo- 
dynamic parameters are well known, have shown that 
the detonation velocities are either lower than or are 
very close to the theoretically calculated values.”® 

The heat released in the reaction of equimolar mix- 
tures of cyanogen and oxygen is so high® that were the 
dissociation of the products, CO and Ng, totally absent, 
the temperature in the Chapman-Jouguet plane of the 
detonation wave would rise to over 7000°K. The actu- 
ally occurring dissociations reduce the detonation 
velocity by absorbing some of the released energy; 
conversely, the detonation velocity is a measure of the 
extent of dissociation. 

The detonation velocities in cyanogen-oxygen mix- 
tures have been reported from three laboratories.!°-” 
Zeldovich® calculated the detonation velocity in equi- 
molar mixtures trying three values for the heat of dis- 
sociation of carbon monoxide, 11.1, 9.1, and 7.2 ev, and 
concluded that the first gave the best agreement with 
Dixon’s and Campbell’s experimental data. Doering 
and Schoen" also made calculations on equimolar mix- 
tures, in which they allowed only for the dissociation 
of nitrogen. Their conclusion was that the heat of dis- 
sociation used, 7.3 ev, was too low and that a value 
about 2 ev higher might give agreement with Dixon’s 
experimental data. Neither of these treatments is very 
convincing, partly because of the incompleteness of the 
calculations, partly because of the quality of experi- 
mental data with which comparison was made. The in- 
accuracy of these data appears to be more than 1 
percent and, moreover, they relate to detonations in 
narrow tubes, in which the velocities are substantially 
different from those in infinite plane waves. Experi- 
mental uncertainties of this magnitude, as the following 
will show, make a comparison with calculations of little 
significance when the objective is not the test of the 
Chapman-Jouguet theory but the selection of a definite 
set of dissociation energies among several possibilities. 
The conceivable equilibrium products of detonations of 
nearly equimolar cyanogen-oxygen mixtures are COs, 
CO, Nz, CN, NO, Co, N, C,, O. Thermodynamic data 
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necessary for the calculation of their equilibrium con- 
centrations are all known with the exception of three 
heats of dissociation, CO=C+O; N2=2N; C2Ne 
=2CN, regarding which there is still considerable con- 
fusion. Spectroscopically plausible’® heats of dissocia- 
tion of nitrogen, 9.76; 8.57; 7.38 ev have been recently 
narrowed to two choices,!* 9.76 and 7.38 ev, only the 
latter of which is supported by electron impact meas- 
urements!’ and bond energy considerations'* although 
other considerations suggest 11.8 ev.!® Of the spec- 
troscopically acceptable heats of dissociation of carbon 
monoxide,!® 11.11; 9.85; 9.14; 8.43 ev, the highest 
value is strongly supported by measurements of the 
heat of sublimation of carbon®*! and less direct con- 
siderations'® but electron impact measurements!’ are 
consistent only with 9.6+0.1 ev which is also recom- 
mended by Pauling.!® The spectroscopically favored 
value for Dc2N2 is 6.3 ev,'® but direct measurements 
give 6.1” or 4.95+0.5 ev,” while electron impact data 
lead to 4.6 or 6.9% and less direct approach results in 
3.7" or 5.2 ev." 

Since only in mixtures of nearly equimolar composi- 
tion does the temperature rise high enough to insure 
substantial dissociation of nitrogen and carbon mon- 
oxide, this work was limited to a rather narrow range 
of compositions. 


EXPERIMENTAL DETAILS 


The detonation velocities, as in the past,‘:5 were 
measured by piezoelectric gages mounted flush in the 
wall of a 10-cm i.d. tube. The detonations were started 
by a spark in a 50-50 acetylene-oxygen initiator mix- 
ture to insure rapid development of detonation. A 
polythene diaphragm, 0.003” thick, separated this sec- 
tion from the experimental mixture. In most experi- 
ments seven gages were spaced 10 cm apart, starting 
45 cm from the diaphragm. Experiments were also 
made with tubes of 5-, 2.5- and 1.2-cm diameter, mount- 
ing the same gages. In the two narrowest tubes it was 
necessary to place the nearest gage almost a meter away 
from the diaphragm to avoid its disturbing effects. The 
tourmaline gages were similar to those previously de- 
scribed, but their body was turned from a single piece 
of brass, the thickness of the metal separating the 
crystal from the explosion gases being 0.007”. This 
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Fic. 1. A typical CRO record of piezoelectric gages. Time 
— from right to left and from top to bottom of the 
gure. 


construction gave a more reproducible time delay of the 
signal and the gages survived longer than those of the 
earlier design. 

Care was taken to center the crystals in the gage 
bodies and the distances between the centers of the 
tapped gage holes in the tube walls were measured to 
+0.2 mm. The tubes were of stainless steel, the walls 
of the larger two being thick enough to take the gages 
directly. The smaller tubes were cut into short pieces 
which were brazed, end-to-end, into heavy-walled steel 
rings. The gage holes were drilled through the rings, 
thus insuring sufficient depth of thread. The method of 
attaching flanges to the sections of the tubes was also 
modified to eliminate welding which previously had 
caused some warping and made accurate gage-to-gage 
distance measurements impossible. GE red Glyptal 
cement was used to make the system tight. 

Each gage signal was fed through a separate elec- 
tronic channel consisting of two stages of amplification 
built around a single tube (12AT7) and a thyratron 
(2D21) which discharged a small condenser into a 
common lead to the scope. Blanking signals every 5 
usec provided a time scale which was crystal controlled 
and was calibrated to one part in 10%. The chief ad- 
vantage of the new circuits was that each gage pro- 
duced only one pip on the scope since the time constant 
- of the thyratron plate circuit was adjusted to be >500 
usec, the duration of the scope sweep. As Fig. 1 shows, 
the records obtained were very readable and practically 
no runs were lost because of gage signal failures. The 
total time delay of the gage circuits was about 0.6 usec 
and was more reproducible, from circuit to circuit, 
than the accuracy of time measurements, +0.2 usec. 
The sweep of the scope was triggered by the first gage. 
The detonation starting spark circuit consisted of a 
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condenser, charged to 90 volts, which was discharged 
through a manually operated Microswitch into the 
primary of an automobile induction coil. The secondary 
fired a spark in an automobile sparkplug mounted in 
the end plate of the tube. The entire circuit, except for 
the switch, was enclosed in a copper box attached to the 
end plate of the tube. 

The problem of filling the larger tubes with the ex- 
plosive mixtures is not altogether simple, the accidental 
explosions of a half mole or so of these mixtures in the 
filling apparatus being most destructive indeed. In the 
early stages of this work a procedure was used which, 
while safe since the mixing took place in the explosion 
tubes, proved to be not sufficiently accurate, the com- 
position being known with certainty only to +0.3 
percent. For all of the experiments here described, ex- 
cept those with excess cyanogen, the gases were mixed 
in separate 12-liter flasks. The pressures of the ad- 
mitted gases were read on a wide-bore mercury ma- 
nometer and were known, relative to each other, to 
+0.2 mm. 

Oxygen, nitrogen, and argon were taken from com- 
pressed gas cylinders and were not purified. The Airco 
oxygen was stated to be 99.5 percent pure. As the con- 
centration and the nature of its impurity were of 
appreciable importance for the thermodynamic calcula- 
tions, the gas was analyzed on a mass spectrometer” 
and was found to contain 0.5 to 0.6 percent argon and 
0.0 to 0.1 percent nitrogen. Nitrogen was said by the 
manufacturer to contain 0.3 percent oxygen, argon to 
contain 0.4 percent nitrogen. 

Cyanogen was prepared by heating C.P. grade of 
mercuric cyanide in a Vycor tube, after a preliminary 
heating to 100° and evacuation to eliminate moisture. 
After the first few percent was discarded, the evolved 
gas was collected in a Dry Ice-acetone cooled trap. The 
material was then distilled several times between two 
such traps, pumping off and discarding the first and 
last portions in each distillation. The material was 
tested for the presence of HCN by shaking 200 cc of it 
with a small quantity of slightly acidified silver nitrate 
solution but not a trace of a precipitate could be ob- 
served. A 100-cc gas buret was then filled with cyanogen 
and a 2N solution of KOH admitted. The solution filled 
the buret completely, indicating the absence of per- 
manent gases. On the basis of the method of prepara- 
tion and these tests, we feel confident that cyanogen 
was better than 99.8 percent pure. 


THE RESULTS 


The piezoelectric gages send signals to the scope 
when a sudden pressure is applied to the crystal. If 
the configuration of the wave front changes with dis- 
tance traveled, the use of the timing of such signals for 
wave velocity calculations will result in errors. The 


evidence that the wave form remains constant and, in — 


26 We are grateful to Dr. Richard W. Dodson and to Dr. Peter 
Irsa of the Brookhaven National Laboratory for these analyses. 
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fact, is very nearly a plane in steady detonations of 
cyanogen-oxygen and acetylene-oxygen mixtures was 
obtained in two ways. As explained more in detail in 
part V of this series, groups of three gages were set into 
the walls of the 10-cm tube at 120° angle to one another 
to form equilateral triangles slightly inclined to the 
tube axis. Three groups, spaced about 10 cm apart, 
were so placed. If the wave front keeps changing its 
orientation with respect to the tube axis as the wave 
i moves along, repeated detonations should give incon- 
sistent timing from the three gages of each group. 
Three steady waves produced signals whose standard 
deviation of timing within each group was 0.3 usec. 
This shows that whatever the actual wave form and its 
orientation relative to the tube, it remains the same 
from run to run to within 0.3 usec, that is, substantially 
I to within the estimated error of time measurements. 
The evidence that the wave front is nearly plane and 
normal to the axis is offered by studies with the moving 
film camera described in part V of this series. In the 
optical arrangement used, a diameter of the detonation 
wave is seen by the camera lens through a slit in front 
of a row of windows set into the wall of the 10 cm tube. 
Steady detonation waves in cyanogen-oxygen and 
acetylene-oxygen mixtures exhibit a narrow and ex- 
tremely luminous zone at the shock front. If the wave 
is plane, normal to the tube axis, and has an infinitely 
narrow zone of high luminosity, the latter will be seen 
by the camera through an infinitely narrow slit as a 
point, when it is exactly on the optical axis of the lens. 
To the left and right of this position the zone will appear 
as a line of a length equal to 2rsiné@ if r is the tube 
radius and @ is the angle between the optical axis and 
the line from the lens to the wave front. The analysis 
of the camera records showed the waves to be indeed 





plane and normal over the distance observed, 40 cm. 
The deviations from normality were less than 0.5 mm, 
the width of the zone observed when the wave was on 
the optical axis of the lens. 

The use of several gages along the tube provides in- 
formation on the constancy of the detonation velocity. 
When the gages in the 10-cm tube were placed quite 
near the diaphragm separating the cyanogen mixtures 
from the detonator mixtures, the velocities showed 
larger gage-to-gage fluctuations but there was no obvi- 
ous decrease with distance, showing that the detonator 
mixtures were not overdriving the detonation signifi- 
cantly even near the diaphragm. The degree of con- 
stancy of the velocity along the pipe may be gathered 
from the following data. The average difference of 
Velocities measured over the first and over the last 10 
cm intervals between the gages in the 10-cm tube was 
+4.1 m/sec for 20 runs covering the entire range of 
compositions and pressures. The standard deviation 
between the first and the last interval velocities was 
+25 m/sec. Thus the average velocity difference ob- 
served (4.1 m/sec) is statistically not significant. The 
Standard deviation of velocities is consistent with the 
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estimated accuracy of time measurements since it is 
equivalent to 0.4 usec and four time measurements are 
involved in each velocity difference. It might be added 
at this point that to guard against the possibility of 
systematic errors, the gages were interchanged between 
their locations from time to time and so were their 
amplifiers. The interchange of gages insured also that 
the errors committed in centering the crystals in the 
gage bodies appeared randomly since in screwing a gage 
into a hole the angular position of the gage body was 
not reproduced. 

In one of two runs with identical mixtures the gages 
started 145 cm away from the diaphragm, instead of 
45 cm and the velocity was only 7 m/sec lower. This is 
statistically not significant, since five other duplicate 
runs had a standard deviation of 3.4 m/sec. The condi- 
tions of experiments on acetylene-oxygen mixtures, to 
be discussed in part IV of this series, are very similar 
to those on cyanogen and it is gratifying to find that 
their standard deviation is very nearly the same. 

The effect of tube diameter on the velocity of detona- 
tion is shown in Fig. 2. Noteworthy is the accurate fit 
of experimental data to the straight lines in the 
plot of velocities against inverse tube diameter. This 
dependence can be derived from dimensional considera- 
tions‘ if one assumes that energy losses are propor- 
tional to the wall area in contact with the gases con- 
tained in a volume bounded by the shock front and, in 
the rear, by the plane separating the detonation wave 
proper from the rarefaction wave. If it is further as- 
sumed, which is quite legitimate, that in the first 
approximation the detonation velocity is proportional 
to the square root of the temperature of the explosion 
products, the relation is obtained, 


D=D,,—(C/r), (1) 


where r is the tube radius and the constant C involves 
the mean heat capacity, heat conductance, the distance 
from the shock front to the zone of completed chemical 
reactions, etc. However, it does not explain the observa- 
tion that a 2.5-cm diameter solid rod, placed axially in the 
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Fic. 2. The dependence of detonation velocity on tube diameter. 
Open circles and ordinates on the left refer to equimolar mixtures. 
Crossed circles and ordinates on the right to mixtures with 44 
percent cyanogen, 56 percent oxygen. 














TABLE I. Some free energy functions calculated 
from spectroscopic data. 
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F-—H)° F-—H? F-—H)° F—H? 
z T T T 
T°K for Cig) for N(g) for CN (gy for C2N2(g) 
4500 — 46.283 —45.131 — 61.759 — 88.165 
5000 — 46.807 — 45.655 — 62.644 —90.097 
5550 — 47.280 — 46.128 — 63.447 —91.920 
6000 —47.213 — 46.561 — 64.184 —93.639 
6500 — 48.110 — 46.598 — 64.864 —95.348 








10-cm tube, reduced the velocity to about the value 
observed in the 2.5-cm tube. As was pointed out by 
Zeldovich,* the one-dimensional reasoning which leads to 
Eq. (1) is a crude approximation. One should consider 
instead the disturbances as spreading from the walls, the 
consequent curvature of the wave front, etc. Still, the ex- 
cellence of the straight lines in Fig. 2 and in a similar 
plot in Part IV, is reassuring in making extrapolations 
to infinite tube diameter. 

The inside surface of the tube walls, while smooth, 
was not highly polished. The possibility existed, there- 
fore, that the data are distorted by effects of rough- 
ness.2”7 Therefore an experiment was made in which 
No. 18 Nichrome wire, wound into a spiral, was laid 
against the inner wall of the 10-cm tube. The velocity 
thus determined was only 5 m/sec lower than that in 
the identical mixture without the spiral. As the artificial 
roughness was far greater than that normally present, 
the extrapolation shown in Fig. 2 is justified. It is per- 
haps worth noting that Campbell’s detonation velocity 
for the equimolar mixture falls quite close to the ex- 
tension of the line in Fig. 1 to smaller tube diameters. 
The two values of Dixon are higher than this ex- 
trapolation. 

The equations of a detonation wave in ideal gases 
can be cast into the form: 


%, 1 1 1\2 4m471\? 
moa 1(1+-)+((4) a) | @ 
tm &T1+Q.+ (R/2)(o—1)(mTi/o) 

Cy— (R/2)(o—1)n2 
D=o[ym2RT: }}, (4) 


where subscript 1 refers to the initial state, subscript 2 
to the Chapman-Jouguet state. + is the ratio of specific 
heats; @, is the average specific heat between 7; and 
T2, QO» is measured at 71; the other symbols have their 
usual meaning and all refer to one gram of mixture. If, 
because of finite equilibrium constants, Q, is a function 
of temperature and density, these equations cannot be 
solved explicitly.’ The procedure adopted has been to 
“guess” probable values of « and T>, and to calculate 
from them the equilibrium composition of the gases, 
whereupon the values of Q,, Zp, @, were obtained. On 


7K. I. Shchelkin, J. Tech. Phys. (U.S.S.R.) 42, 613 (1947). 





» (3) 











substitution into (2), they gave a corrected value of g 
and with this a new value of T2 was obtained from (3), 
With some skill and experience the convergence in 


values of 7» is fairly rapid and the true 7 was found — 


to within 0.2 percent after four or five trials, even with 
the complex mixtures here considered. A substitution 
of this and other pertinent data into (4) gives then the 
velocity. 

Thermodynamic Tables” issued by the Bureau of 
Standards were used in the equilibrium calculations, 
These Tables extend at most to 5000°K and therefore 
extrapolations had to be employed. Estimates showed 
that extrapolations with constant heat capacities above 
5000°K for the calculations of T, and with constant 
heats of reaction for the calculation of the equilibria 
would not introduce errors larger than 0.1 percent in 
the detonation velocity and so these simple extrapola- 
tions were made use of. In addition, some thermo- 
dynamic functions not given in the Tables had to be 
calculated and they are shown in Table I. The necessary 
atomic and molecular data were taken from Herzberg.” 
The equilibrium components which were included in 
the calculations for excess oxygen, for excess cyanogen 
and for the equimolar mixtures will be seen from Table 
II, showing the results of representative calculations. 
In every case a check was made, to be sure that the 
mole fraction of the components neglected was less 
than 10~*. 

With the number of components considered, the 
algebraic solution of the equilibrium composition is 
very tedious, and altogether about 20 hours of com- 
puting work were involved in a single velocity datum 
for an assumed composition and a set of dissociation 
energies. Under these circumstances it would have been 


TABLE II. The results of some thermodynamic calculations 
of the state of detonation products. 








DN: ev 9.76 9.76 7.38 9.76 
DCO ev 21,914 23.31 11.11 
DC2N2 ev 6.08 6.08 4.95 


%CoN2 440 49.9 49.9 51.50 
% Ov 55.7 49.9 49.9 48.26 


1 1 1 1 
49.7 56.9 52.9 55.2 


Assumed dissociation 
energies 


Initial composition 


Initial pressure, atmos 
Final pressure, atmos 


Final temperature, °K 5551 6287 5691 6074 
Detonation velocity 2640 2779 2686 2727 
m/sec 
Final composition N2 27.31 30.79 25.98 30.90 
mole % N 0.74 2.56 10.47 1.8 
CO 56.87 62.94 62.94 61.96 
Cc see 1.19 0.37 1.67 
O 11.88 [1.76 0.67 0.48 
CN -++ [0.60 0.29 3.00 
CO, see veuiae 
NO 2.05 -:: 
O2 “a a sae 
A 0.18 0.16 0.16 0.16 








28 Natl. Bur. Standards, “Selected values of chemical thermo- 
dynamic properties” (1945, 1947, 1948). 

29 G. Herzberg, Molecular Spectra, I (D. Van Nostrand Com- 
pany, Inc., New York, 1950). 








whicl 
the ¢ 
His r 


Ta 
ditior 
veloc 
the ¢ 
sump 
rand 
result 
and 
value 
progr 
for D 
nearh 
other 
tions 
these 
whick 
To se 
been 
value 
lated 
and | 
uncer 

Th 
behay 
The « 


_—_ 


30 S. 
31 A. 


® Kj 
2972 ( 





1e of ¢ 
ym (3), 
nce in 


found . 


n with 
itution 
en the 


eau of 
ations. 
erefore 
howed 
above 
nstant 
ilibria 
ent in 
‘apola- 
1ermo- 
to be 
essary 
berg.”® 
Jed in 
nogen 
Table 
itions. 
at the 
is_ less 


1, the 
ion is 
 com- 
Jatum 
‘iation 
e been 


tions 





hermo- 


| Com- 











unsound to work out the consequences of all the dis- 
sociation energies reviewed in the introduction. Alto- 
gether 25 calculations were made. Some of the results 
are shown in Table IIT together with experimental data. 

In computing the composition of cyanogen-oxygen 
mixtures from manometric readings, a correction was 
made for the deviation of cyanogen from ideal gas 
laws, using the critical constants of this compound.*® 
The correction amounted to about +0.5 percent and 
without it the maximum in the experimental velocity- 
composition curve did not coincide with the equimolar 
composition, as the theory required. The corrections 
for the other gases are too small to be significant in 
these calculations and they were not applied. 

The products in the detonation wave cannot be 
treated as ideal, their density being about 3 g/liter. 
Schmidt*! has deduced the detonation velocity in gases 
whose equation of state is of the form 


P(V—b)=RT, (5) 


which is acceptable for the very high temperatures and 
the comparatively low densities of these experiments. 
His result is 


D=D°V/(V—b). (6) 


Taking for 6 40 cc/mole, as determined at low tempera- 
tures for CO and No, the factor on the right of Eq. 
(6) is 1.0043P, where P stands for the initial pressure 
in atmos. 

Table III lists in successive columns the initial con- 
ditions of an experiment, the observed detonation 
velocity, the velocity corrected to the ideal wave, D.°, 
the calculated velocity of the ideal wave and the as- 
sumptions underlying this calculation. The seemingly 
random choice of Den in the several calculations is the 
result of choosing Dc2,N2 as the independent variable 
and making many parallel calculations with three 
values of it, 100, 114, and 140 Cal. As the calculations 
progressed, it became evident that the three choices 
for Dc,N2 gave detonation velocities which varied by a 
nearly constant factor from one another, whatever the 
other assumptions® and therefore some of the calcula- 
tions were obviously redundant. The time spent in 
these calculations, however, precluded making others, 
which appear now to us to have been of greater interest. 
To save space, the values calculated for 114 Cal have 
been given in the table only partially. The calculated 
values marked by “6” have been interpolated from re- 
lated data ; these interpolations never exceeded 30 m/sec, 
and hence, do not add significantly to the over-all 
uncertainty of the calculations. 

The correction of experimental data to ideal gas 
behavior amounts to —12 m/sec at 1 atmos pressure. 
The effect of correction to infinite tube diameter, Eq. 


———— 


*S. F. Pickering, J. Chem. Soc. 126, 231 (1924). 

* A. Schmidt, Z. ges. Schiess-u. Sprengstoftw. 30, 364 (1935). 

® Kistiakowsky, Knight, and Malin, J. Am. Chem. Soc. 73, 
2972 (1951). 
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(2), is more troublesome. With only two experimental 
sets of data for the correction, it was necessary to in- 
terpolate and to extrapolate. Four empirical equations 
were considered. These equations gave corrections which 
did not differ by more than 3 m/sec for most of the 
experimental points. A relation which may perhaps be 
theoretically justified is 


Da— D=0.0175¢+80000/ 87, (7) 


the numerical constants having been obtained from the 
data of Fig. 2 and calculated temperatures of Table ITI. 
The correction is still experimentally indistinguishable 
from those of the other equations in the range of 44 to 
53.5 percent cyanogen. The exponential correction is 
about 10 m/sec larger than the others for the lowest 
and the highest cyanogen concentrations. 

The experimental errors have been estimated in the 
form of standard deviations of velocities as follows: 
3 m/sec due to random factors; the error of the fre- 
quency standard is negligible; 2.5 m/sec due to sys- 
tematic errors in gage distances. The random part of 
the composition error, due to manometer readings, etc., 


TABLE III. Calculated and observed detonation velocities. 








Composition, mole % P 





C:N2 0: A Ne atmos expt Da” Deale DN, Doo Don T°K 
41.19 58.52 0.29 1 2512 2540 2526 9.76 5101 
1 2530 11.8 5125 
41.66 58.05 0.29 1 2546 2570 2548> 9.76 
2555> 11.8 
44.00 55.72 0.28 1 2618 2628 2634 9.76 5551 
2654 11.8 5646 
48.40 51.34 0.26 1 2780 2759 2746 9.76 11.11 8.5 
1 2762 9.76 11.11 7.6 
1 2788 11.8 11.11 87 
49.88 49.87 0.25 0.5 2745 mee 2742 «9.76 +1111 7.6 6129 
é 
2738 
49.88 49.87 0.25 1 2773 2771 2672 7.38 11.11 7.4 5665 
2679 7.38 11.11 6.3 5691 
2719 8.57 11.11 7.9 5997 
2731 8.57 11.11 7.0 6047 
2756 «©4976 «11.11 8.5 6218 
2772 9.76 11.11 7.6 6287 
2782 118 1111 9.5 6376 
2802 11.8 1.11 8.7 6465 
2688 9.76 9.6 6.7 5836 
2665" 7.38 9.6 5.8 5500 
49.88 49.87 0.25 1.5 2780 2771 2782 9.76 11.11 7.6 6326 
25.0 25.0 50.0 1 2377 2387 2395 9.76 11.11 7.6 
2389 9.76 i111 82 5559 
42.30 42.30 0.21 15.19 1 2678 2679 2679 9.76 11.11 7.6 5955 
2692 118 111 9.5 6021 
50.5 49.3 0.2 1 2768 2766 2762 9.76 11.11 7.6 
51.2 486 0.2 0.5 2711 2719 2710 9.76 11.11 7.6 
51.27 48.49 0.2 1 2752 org 2736 9.76 11.11 7.6 
2746 272% 9.76 i111 85 
51.5 483 0.2 1 2744 ony, 2728 9.76 11.11 7.6 
2739 2714 9.76 11.11 8.5 
2720 9.76 i111 82 6074 
51.5 48.3 0.2 1.5 2750 2744 2736 9.76 1111 7.6 
53.5 46.3 0.2 1 2614 2624 2602 9.76 11.11 7.6 
2595 9.76 11.11 82 5548 
57.0 428 0.2 1 2410 








® Accurate to about 20 m/sec. 
b Interpolated, 




















is included in the first error listed above. There remains 
the error due to impurities. Because of the high heat of 
combustion of cyanogen, any impurity, but hydrogen 
and helium, must lower the detonation velocity. The 
observed lowering, for one percent of impurity, was 
6 m/sec for nitrogen, 8 for argon, and 20 for cyanogen 
(in the range 50.5 to 51.5 percent where it is in excess, 
and hence, is in effect an impurity). We choose 4 m/sec 
for this source of errors. Another 5 m/sec allows for a 
possibility that the wave was overdriven or did not 
pick up full velocity when measured. The correction to 
the ideal state of gases adds 2.5 m/sec at 1 atmos 
pressure. The standard deviation of the intercept of the 
extrapolation to D,, at 50 percent cyanogen is 3 m/sec; 
at 44 percent it is 6. Since the four interpolation for- 
mulas tried gave results in this range which agreed 
better among themselves than the standard deviations, 
it seems reasonably safe to use a constant value over 
the entire range and to set it equal to (6X3)! m/sec. 
The approximate algebra of the calculations adds 5 
m/sec. The simplified extrapolations of the Bureau of 
Standards Tables add 3 m/sec. All these errors, ran- 
domly combined, predict a standard deviation of 
9 m/sec between the calculated velocities and the 
experimental data, if no systematic differences are 
present. 

The data considered do not include those with 41 
percent, with 53.5 percent, and 57 percent cyanogen 
because of reasons which will be discussed later. The 
results for the other twelve experimental conditions 
agree extremely well with one set of assumed dissocia- 
tion energies, namely DNo=9.76, Dco=11.11 and Don 
=7.6 ev, the average difference Dx.°—Deate being +2 
m/sec, with a standard deviation of 8 m/sec. The dif- 
ference is entirely insignificant. The actual standard 
deviation shows that our estimate of it was not wrong. 

There are strong reasons for excluding the extreme 
compositions from this comparison. The extrapolation 
to infinite diameter for the 44 percent cyanogen mixture 
has a standard deviation of the intercept of 6 m/sec. 
By the time one applies an uncertain equation, like 
(7), to calculate the extrapolation for the 41 percent 
mixtures, one arrives at probable errors in D,,° of 20 
m/sec or more, which argue against their inclusion in 
the average of other data. The runs with excess cyano- 
gen suffered from increased errors in composition. This 
caused a comparatively modest (and neglected) error 
in the velocity for the 51.5 percent mixture, but a 
' greater one for the 53.5 percent and 57 percent mix- 
tures, owing to the steeper slope of the composition- 
velocity curve. Moreover, the calculated equilibrium 
constants for the reaction C,.Ne=2CN indicated a 
hydrodynamically perceptible fraction of cyanogen to 
remain undissociated already with 53.5 percent cyano- 
gen. This equilibrium constant is not very trustworthy 
because of the use of the harmonic oscillator and rigid 
rotor approximations for the cyanogen molecule. The 
allowance for undissociated cyanogen raises the calcu- 
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lated velocity, but the magnitude of the effect is un- 
certain and so the error is enlarged. Finally, the extra- 
polation to D,.° becomes also uncertain. These reasons 
led us to disregard the two compositions. 

Compared to DNo=9.76, Dco= 11.11 and Dcn=7.6, 
all the other dissociation energies, for which calcula- 
tions have been made, give less satisfactory agreement. 
The above values for nitrogen and carbon monoxide, 
combined with a higher value for Den, give a calculated 
average which is some 10-15 m/sec lower than the ex- 
perimental, there being a trend from good agreement 
on the side of excess oxygen to a very poor one with 
excess cyanogen. However, the precision of these ex- 
perimental data is not such that the correct value for 
the quantity Deon can be selected. 

A numerically similar disagreement, but in opposite 
direction and with an opposite trend, is found for Dn, 
=11.8 ev. Again, the experimental data cannot be 
used to prove its incorrectness, but this value is so 
improbable on other grounds that the lack of conclusive- 
ness here is not disturbing. 

All dissociation energies of nitrogen and of carbon 
monoxide substantially lower than 9.76 and 11.11 ev, 
respectively, are definitely in disagreement with these 
experimental data. Not only do the calculated averages 
differ from the experimental average by many times the 
standard deviation, but the trends of the differences 
with composition are quite large. This comes about be- 
cause the calculated velocity maximum for the equi- 
molar composition is the more peaked the less dissocia- 
tion is assumed to take place. The effects of diluents 
and of changing pressure also depend on the tota! de- 
gree of dissociation, so that the lower dissociation 
energies fail to account not only for the absolute magni- 
tude of observed detonation velocities but also for their 
dependence on composition and pressure. 

The alternatives which must be faced are: (1) that 
the lower dissociation energies, notwithstanding experi- 
mental evidence in their favor, obtained elsewhere, are 
incorrect; (2) that the theory of detonation waves is 
basically wrong and the agreement discussed above is 
purely accidental; (3) that the absolute velocity meas- 
urements were systematically in error by 5 to 10 per- 
cent, and that simultaneously, the reactions were not 
attaining equilibrium; (4) that the calculations were 
systematically in error by as much as 5 percent. 

As regards point (2), it was mentioned in the intro- 
duction that the theory applies to the hydrogen-oxygen 
mixtures. Parts IV and V of this series will show very 
satisfactory agreement with the theory for acetylene- 
oxygen and carbon monoxide-oxygen mixtures, al- 
though no adjustable parameters are involved in the 
calculations. The analysis of experimental errors dis- 
cussed previously and the consistent results obtained 
with the same experimental technique for three other 
explosive mixtures rules out point (3). Since the Bureau 
of Standards Tables are free of large systematic errors, 
such calculational errors are ruled out because each 
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calculation started afresh from raw thermodynamic 
data and all the quantities needed for Eq. (4) were 
calculated anew. 

It is extremely improbable that the good agreement 
with one set of assumed dissociation energies is acci- 
dental. Suppose the waves were overdriven by the 
initiator mixture and the overdrive was maintained 
constant over the entire experimental section. This 
effect would have to be more pronounced with slower 
experimental mixtures and therefore the composition- 
velocity curve would appear less peaked than it actually 
is. But actually the peaking of the curve is already too 
great to be explained by low dissociation energies. 
Moreover, a constant overdrive lasting over distances 
as large as two meters, with an initiator section only 50 
cm long, is hydrodynamically impossible. Were a cer- 
tain chemical reaction so slow in the detonation wave 
that its lack of progress would not show in experiments 
with different tube diameters, the result would be lower 
detonation velocities than the equilibrium values be- 
cause not the entire available reaction energy had been 
released in the wave. The experiment with added argon 
was designed to test this hypothesis and also a possi- 
bility that some internal degrees of freedom of the 
product molecules are not excited within the time avail- 
able in the detonation waves. This would make the 
gases “hotter” hydrodynamically and would produce 
higher detonation velocities. Argon, acting as a coolant 
and having no internal degrees of freedom, would cer- 
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tainly alter the situation in either of these eventualities. 
However, the addition of argon gave the expected 
change in detonation velocity, dismissing these hy- 
potheses. 

There remains one difficulty which is not resolved. 
An application of accepted equations for the rates of 
dissociation of diatomic molecules indicates that the 
time for 90 percent attainment of equilibrium in the 
reaction Ne=2N is of the order of 100 usec, somewhat 
longer than it takes for the disturbances originating at 
the walls to reach the axis of the 10-cm tube and de- 
cidedly too long to explain the small effect of tube 
diameter. In the absence of all information on the high 
temperature kinetics, it can only be suggested that 
faster concurrent reactions, requiring lower activation 
energies than the heats of dissociation of diatomic mole- 
cules involved, assure faster establishment of equi- 
librium. For this speaks the narrowness of the highly 
luminous zone discussed earlier on these pages. Also the 
measurements of gas densities in detonation waves® in- 
dicate very fast reaction rates. 

The experiments here discussed constitute, therefore, 
extremely strong evidence for dissociation energies 
being Dn,=9.76; Dco=11.1, and Dcn=7.6 to 8.5 ev. 

It is a pleasure to express our thanks to Mr. C. Wilcox, 
Dr. G. Brady, and Mr. N. Mueller for their aid in 
calculations. 


3% G. B. Kistiakowsky, J. Chem. Phys. 19, 1611 (1951). 
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Gaseous Detonations. IV. The Acetylene-Oxygen Mixtures* 


G. B. Kistrakowsky, HERBERT T. KniGHT,t AND Murray E. MAtintf 
Gibbs Chemical Laboratory, Harvard University, Cambridge, Massachusetts 


(Received December 27, 1951) 


Detonation velocities were accurately measured in acetylene-oxygen mixtures ranging in composition from 
7 to 90 percent acetylene at 1 atmos total pressure. The velocities rise very sharply with concentration to 
50 percent acetylene, then drop equally sharply to about 70 percent and from then on rise slightly to 90 
percent. The thermodynamic calculations of velocities, in which no adjustable parameters were used, are 
in perfect agreement with experimental data in the range of 25 to 50 percent acetylene. The velocity at 
7 percent, near the detonability limit, is distinctly higher than the calculated value. The calculated velocities 
from 50 to 90 percent acetylene lie on a smooth curve, showing no break near 70 percent acetylene as do the 
experimental data. They are higher than the experimental velocities, except at 85 to 90 percent acetylene, 
where the two curves join again. The disagreement in the intermediate composition range persists when the 
velocities are recalculated assuming a low heat of sublimation of carbon. A hypothesis is advanced that 
no solid carbon is formed in detonation waves of mixtures containing up to 70 percent acetylene, because 
of delays in the nucleation process. The velocities calculated with the assumptions of gaseous equilibria and 
of the formation of supersaturated carbon vapor, are in acceptable agreement with observations. 
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HE deflagrations of acetylene-oxygen mixtures 
change so readily into detonation that they were 
repeatedly studied.‘ In Fig. 2 the data of previous 
investigations have been combined with those of the 
present research. The general outline of the velocity- 
composition curve was clearly shown by the earlier 
work, but the self-consistency of the data was not per- 
fect. Undoubtedly, several factors contribute to the 
scatter of these experimental data. In early investiga- 
tions the velocity measurements were not very accurate; 
most of the measurements were made in narrow tubes 
in which the velocities are strongly dependent on the 
tube diameter; the detonations were produced by the 
acceleration of a flame and, unless this happened rapidly, 
the waves may have been observed in moving, rather 
in stationary unburnt gases. Moreover, immediately 
after initiation the wave is overdriven and moves with 
abnormal velocity. The observation of Breton that the 
velocity rises sharply above 90 percent acetylene is 
due to a combination of these sources of error. He 
observed such rises at both detonability limits of 
ammonia-oxygen mixtures and there is little doubt 
that this situation arose because he was observing 
nonsteady waves. 

Jouguet calculated® twice the detonation velocities in 
acetylene-oxygen mixtures obtaining first fairly good 
agreement with experiment but then spoiling it com- 
pletely by the use of more accurate heat capacity data. 
The calculated velocities were much higher than ob- 
served, which is not surprising since he failed to allow 


* The research reported in this document was made possible 
by funds extended Harvard University under ONR Contract 
NSori-76 T.O. XTX NR-053-094. 

t Present address: Los Alamos Scientific Laboratory, Los 
Alamos, New Mexico. 

1M. Berthelot and P. Vielle, Compt. rend. 94, 101 (1882). 

2H. B. Dixon, Phil. Trans. 184A, 97 (1893). 

3H. L. Le Chatelier, Ann. Chim. 20, 15 (1900). 

4M. Y. Breton, Ann. Office Nat. Combust. Liq. 11, 487 (1936). 

5E. Jouguet, Mechanique des Explosifes (Doin, 1917); Compt. 
rend. 181, 546 (1925). 
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for the partial dissociation of the products of the 
reaction. 

In the course of the development of the equipment 
described in the preceding paper (III), acetylene- 
oxygen mixtures were used as controls and considerable 
information was accumulated on this system. The 
experiments were made with unpurified, commercial 
acetylene. They were not suitable for comparison with 
thermo-hydrodynamic calculations because the infrared 
spectrum of tank acetylene showed the carbonyl band 
due to acetone vapor. They confirmed, however, the 
unusual shape of the velocity-composition curve ob- 
served previously by others and suggested the desir- 
ability of comparing experimental velocities with the 
calculated ones. Therefore some experiments with 
purified acetylene were made and although the in- 
vestigation of this mixture is not complete by any 
means, some interesting conclusions can be drawn from 
the results, as will be seen from the following. 





















EXPERIMENTAL DETAILS 





The same mechanical and electronic components of 
the experimental systems and the same procedure were 
used in this research as described in the preceding 
paper.® No systematic changes of velocity with distance 
could be noted, with the exception that in mixtures 
containing 85 percent and more acetylene unsteady 
detonations were sometimes observed. To obtain steady 
wave velocities in these mixtures, it became necessary 
to use a 50-50 C.H:—Osz initiator mixture at higher 
than atmospheric pressure. In experiments with exper 
mental mixtures close to the 50-50 composition, it was 
unnecessary to use a separate initiator mixture. 

A common source provided oxygen for both the acety- 
lene and the cyanogen experiments. Acetylene was 
taken from a Prest-O-Lite cylinder and was purified 
by a passage through a Dry Ice-acetone cooled trap. A 


6 Kistiakowsky, Knight, and Malin, J. Chem. Phys. 20, 876 
1952). 
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Fic. 1. The dependence of detonation velocities on tube diam- 
eter. Line I and ordinates on the left refer to the equimolar 
mixture. Line II and ordinates on the right to a mixture of 80 
percent acetylene and 20 percent oxygen. 


10-cm cell filled to 1 atmos with this acetylene showed 
no bands except those due to acetylene in a Baird infra- 
red spectrometer. This suggests that such impurities as 
acetone, phosphine, and arsine were present in hydro- 
dynamically insignificant amounts. 


THE RESULTS 


A considerable number of runs was made under 
presumably identical initial conditions. Twenty such 
runs, all in the 10-cm tube at atmospheric pressure, 
which ranged in composition from 7 to 60 percent 
acetylene, gave a standard deviation of 4.7 m/sec, 
nearly the same as was obtained for a smaller number of 
duplicate runs with cyanogen. This uncertainty includes 
virtually all purely random sources of error, including 
that of making up the mixtures. It is the extremely 
strong dependence of velocity on composition that un- 
doubtedly causes the now calculated standard deviation 
to be slightly higher than that for the runs with 
cyanogen. 

The mixtures containing 70 percent acetylene or 
more gave definitely less reproducible velocities, with 
a standard deviation of the order of 10 m/sec. This 
reflects the difficulty of obtaining truly stationary 
waves in these mixtures, but it is believed that the data 
obtained are still significant, since no obvious trends 
of velocity were observed with the advance of the 
wave along the tube. Mixtures containing more than 
90 percent acetylene could not be made to produce 
steady waves. 

Figure 1 shows the dependence of velocity on tube 
diameter for two compositions, plotted as discussed in 
Part III of this series. The extrapolation to infinite 
tube diameter for the equimolar mixture is only 9 
m/sec. The correction for gas nonideality in the det- 
onation wave is calculated, as explained in Part III,® 
to be —0.35 percent. Thus in mixtures close to the 
equimolar composition, the sum of the two corrections 
is practically zero. Because the diameter correction is 
certain to increase on departure from equimolar mix- 
tures,® the sum of the two corrections will be positive 
for mixtures rich in oxygen and might become as much 
as +15 m/sec for 25 percent acetylene. Because the 
magnitude of this correction is uncertain, except for the 
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equimolar composition, the data plotted in Fig. 2 had 
no corrections applied to them. 

To reduce the complexity of the figure, no data on 
impure acetylene in mixtures containing less than 50 
percent acetylene are included. On the side of excess 
acetylene all measurements have been plotted, some 
of the data on impure acetylene being the average of 
two or more runs. In the two cases shown in Fig. 2 the 
difference of velocities in pure and in impure acetylene 
amounts to 16 and 12 m/sec, respectively. For four 
other compositions with less acetylene these differences 
range from —5 to +34m/sec. One cannot expect 
them to remain constant over the entire range of com- 
positions, and, moreover, the concentration of acetone 
must have varied as the tanks became exhausted. How- 
ever, it is reasonable to assume that the addition of 10 
to 25 m/sec to the velocities observed with impure 
acetylene corrects for the presence of acetone. 

The solid line for mixtures with excess oxygen has 
been calculated as described in Part III of this series. 
Thermodynamic data were taken from the Bureau of 
Standards Tables.’ The newly calculated free energy 
functions are shown in Table I. The heat of dissociation 
of the CH radical was taken to be 80 kcal.® The results 
of representative calculations are shown in Table II. 
The interpolation between these and other calculated 
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Fic. 2. Detonation velocities in acetylene-oxygen mixtures at 
1 atmos pressure. @—this work with pure acetylene; @—this 
work with commercial acetylene; @—data of Breton; O=data 
of Dixon; @—data of Le Chatelier; solid lines are calculated 
velocities; *—calculated velocity with the heat of sublimation of 
carbon taken equal to 136 kcal. 


7 Natl. Bur. Standards, ‘Selected values of chemical thermo- 
dynamic properties” (1945-1948). 

8G. Herzberg, Molecular Spectra (D. Van Nostrand Company, 
Inc., New York, 1950). 
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TABLE I. Two free energy functions calculated 
from spectroscopic data. 

















oe OOS for CoH: aoe for CH 
3000 — 67.678 — 51.980 
3500 — 70.674 — 53.205 
4000 — 72.529 — 54.279 
4500 — 55.237 








velocities was very accurate becasue they fell on an 
almost straight line when plotted against the concentra- 
tion of acetylene. Since the heats of formation of all 
the components present in significant concentrations 
in these leaner mixtures are accurately known and the 
temperatures in the detonation waves fall within the 
range covered by the NBS Tables, the calculations at 
50 percent acetylene and less were made without any 
adjustable parameters. 

The average of all eight experimental points in the 
range of 25 to 50 percent acetylene differs from the 
average of the calculated velocities by 0.25 m/sec. 
This perfect agreement is accidental because the experi- 
mental values should be corrected to the infinite plane 
wave in ideal gases. A reasonable estimate of this correc- 
tion, discussed earlier, should increase the difference 
of the averages to about 4 m/sec. The standard devia- 
tion between experimental points and the calculated 
values is 7 m/sec and the above correction would 
increase it to about 10 m/sec. The standard deviation, 
thus, is substantially the same as found for the 
cyanogen-oxygen mixtures. The data are seen, therefore, 
to be in perfect agreement with the theory, and this 
result is considered to be a strong support of the 
Chapman-Jouguet theory of detonation waves because 
no uncertain thermodynamic data went into the calcula- 
tion. It might be noted at this point that a neglect to 
allow for the dissociation of the reaction products 
would raise the calculated detonation velocities by 100 
m/sec and more. 

The velocity with 7 percent acetylene was not in- 
cluded in these averages because it differs (after a 
tentative correction to D..°) by about 100 m/sec from 
the calculated value. The difficulty is apparently not 
with the measurement of velocity because two other 
runs (not shown) with impure acetylene gave an average 
only 30 m/sec lower and Breton’s data, also, do not 
suggest a large experimental error in this measurement. 
The composition is not far from the detonability limit 
and this, perhaps, has something to do with the dis- 
crepancy, because a check of calculations reveals no 
algebraic error and all the likely components were in- 
cluded. The difficulty is not resolvable at present and 
further experiments and calculations in this composition 
range are being planned. 

The shape of the experimental detonation velocity- 
composition diagram on the side of excess acetylene is 
very unusual, even if the upswing of velocities above 
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90 percent acetylene, reported by Breton, is disre- 
garded. Our first thought was that the curve repre- 
sented—in the range of 50 to 70 percent acetylene—the 
build-up of carbon vapor to the saturation pressure and, 
with still richer mixtures, the formation of solid carbon, 
The calculations did not bear out this hypothesis 
because the calculated temperatures are so low that 
precipitation of solid carbon should begin at much lower 
acetylene concentration. The velocities calculated for 
a heat of sublimation of carbon equal to 171 kcal are 
shown by the upper curve, while a rather similar 
curve involving a heat of sublimation equal to 136 kcal 
must pass through the calculated point at 70 percent 
acetylene shown by an asterisk. 

These calculations are considerably less reliable than 
those for excess oxygen. Firstly, a considerable fraction 
of carbon is present in the form of undecomposed 
acetylene and therefore the equilibrium constant be- 
tween solid carbon, hydrogen, and acetylene is of con- 
siderable importance for the final result of the calcula- 
tions. The free energy function of acetylene shown in 
Table I was calculated using data given by Herzberg 
and taking the rigid rotor and harmonic oscillator 
model for the acetylene molecule. This, undoubtedly, is 
not a very accurate assumption for temperatures as 
high as 4000° and so the true velocities might be a little 
lower than calculated. Secondly, the calculations do 
not allow for the possible formation of all sorts of 
organic molecules in the equilibrium mixture. To allow 
for them quantitatively seems to be an impossible task, 
but judging by the equilibrium constants of the 
methane reaction, they should not be of importance. 
Their presence might raise the velocity, if anything, 
because their formation from acetylene is an exothermic 
reaction. Thirdly, the allowance for solid carbon is 
somewhat formalized in the calculations. The solid was 
assumed to have a heat capacity (C,=C,) and the same 
particle velocity as the gaseous products of the detona- 
tion, but no volume. The last assumption is harmless 
because its actual volume was less than 0.5 percent of 
the total. The net effect of all these corrections is 
certainly not large enough to explain the observed dis- 
crepancy between the calculations and experiments 
and is not of such a nature as to account for the break 
in the observed velocity-composition curve. This con- 
clusion is valid whether the heat of sublimation is 
taken to be 171 kcal or any plausible lower value. 

Casting about for a cause of the discrepancy, one 1s 
led to rule out incomplete attainment of equilibrium in 
the gas phase reactions because it does not explain the 
break in the curve. A reasonable explanation is that 
carbon vapor becomes appreciably supersaturated 
before its condensation takes place. The lower of the 
two curves in Fig. 2 has been calculated with the as- 
sumption that solid carbon is not formed but that in 
the gas phase all the equilibria are fully established. 
These calculations are not very accurate because only 
the acetylene among the possible organic products has 
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been included and these products become more im- 
portant in the new calculation because the activity of 
carbon is increased relative to that of the saturated 
vapor. Actually, the degree of supersaturation, even 
with 70 percent acetylene, is not very great because the 
increased equilibrium concentration of acetylene takes 
up most of the carbon that would be present as the 
solid otherwise, and the actual concentration of carbon 
vapor, as is seen in Table II, is not very high. Making 
allowances for the uncertainties of the calculations and 
for the unknown corrections in the experimental data 
to bring them to the state of an ideal plane wave, one 
finds a better than qualitative agreement with the 
experiments in the range of 50 to 70 percent acetylene. 

The solid carbon recovered from acetylene-oxygen 
detonations was found to be as finely divided as the 
finest carbon black made by low temperature processes.? 
A rough kinetic calculation shows, therefore, that the 
time of precipitation of the carbon particles is less than 
a usec if the accomodation coefficient of carbon atoms 
on the solid surface is unity. But in any case, the idea 
of partial precipitation could not explain the break in 
the experimental curve. It seems that one is dealing 
here with a total absence of precipitation due to delays 
in nucleation, a phenomenon which has been experi- 
mentally observed in several instances and has been 
treated theoretically.! 

To obtain experimentally the detonation velocities 
corresponding to the absence of solid carbon, one has to 
assume that the nucleation process is delayed until 


| after the rarefaction wave has overtaken the explosion 


products. What may happen afterwards has, of course, 
no effect on the detonation velocity. The rarefaction 
wave, starting from the walls of the containing tube, 
should reach the axis of the 10-cm tube in a time of the 
order of 50 usec, and therefore time delays in nucleation 
of this order of magnitude have to be postulated as 
an explanation of the experimental findings. 

The break in the curve must be caused, then, by the 
onset of condensation so soon after the passage of the 
shock front as to manifest itself by an increased velocity. 
Since the experimental points approach the curve calcu- 


—_—_ 


*We are much indebted to Drs. W. R. Smith, G. Halsey, and 
others on the staff of the Godfrey L. Cabot Company for the com- 
parison of this carbon with the commercial blacks. 

” R. Becker and W. Doering, Ann. Phys. 24, 719 (1935). 


TABLE II. The results of some representative calculations 


of detonation velocities. 








Initial % C2H2 25.0 49.9 70.0 70.0 

Compos. % O2 74.8 49.9 29.9 29.9 

Dial poses, 29.5 43.5 30.4 24.9 
atmos 

Final tempera- 4075 4478 3722 3177 
ture, °K 

Detonation 2331 2944 2441 2202 


velocity, m/sec 
Composition, 


mole % 

CH. eee cee 8.1 30.6 
CO; 11.3 ne res ve 
CO 28.9 59.2 32.0 45.4 
HO 9.2 ese nail sae 
Oz 17.4 ‘* 

O 13.7 iba wae 
He 2.8 18.7 25.7 21.4 
H 5.5 21.9 7.4 2.5 
OH 10.9 “ree one en 
Co tee tee 0.01 4x 10-3 

(=4P rat) 

c. vision ie 26.7 a 
A 0.3 0.2 0.1 0.1 








lated for saturated carbon vapor only at.85 to 90 percent 
acetylene, the intermediate points must describe detona- 
tion waves in which only partial condensation has 
taken place in the Chapman-Jouguet plane of the 
wave. To this must correspond a strong dependence 
of detonation velocities on the tube diameter. The data 
of Fig. 1 indicate a comparatively small effect, the 
extrapolation from 10 cm to the infinite diameter being 
only 15 m/sec at 80 percent acetylene. By themselves 
these data are not very trustworthy because only two 
points are available to draw the line. However, Breton’s 
velocities, which are nearly 100 m/sec lower than those 
here reported, were obtained in a 1.4-cm tube and 
thus fall close to the extension of the line in Fig. 1 to 
smaller tube diameters. It seems, therefore, that the 
observed velocities at, say, 80 percent acetylene, do 
not extrapolate to the upper calculated velocity curve 
of Fig. 2 for infinite tube diameter. Here is a distinct 
difficulty for the hypothesis and only further work can 
resolve it. Additional experiments and calculations are 
now being undertaken. 

In conclusion we wish to express our thanks to 
Messrs. C. Wilcox, N. Muller, and Dr. G. Brady for 
their aid in calculations of detonation velocities. 
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Chemical evidence indicates that the nuclear isomeric transition of Br® is completely converted. Although 


isomeric transition always produces C—Br bond rupture in CH;Br(g) it often fails to rupture HBr(g). 
Other results are consistent with the interpretation that daughter Br® particles, following bond rupture, 
usually become free, thermal atoms. Their kinetic behavior with C.H,—HBr mixtures corresponds to the 
analogous Br’*(n, ~)Br® kinetics (R. R. Williams and W. H. Hamill, J. Chem. Phys. 18, 783 (1950)). 
Using daughter Br® it is shown that bromine addition at the C=C double bond does not involve the Br; 


complex. The HBr**— Br exchange was found to be complete in two minutes. 





HE nuclear isomeric transition! of Br®* (4.5 hr) 

has been shown to result in chemical effects, 
such as rupture of the parent molecule, which have been 
attributed to internal conversion of the nuclear excita- 
tion energy. The efficiency of chemical separation of 
parent and daughter (Br®, 18 min) has been shown to 
be as great as 85-90 percent,” and this sets a lower 
limit to the fraction of isomeric transitions which occur 
by internal conversion since it is not evident, a priori, 
that every physical event is necessarily accompanied 
by an observable chemical change. 

Repeated attempts have been made to collect the 
ions produced by internal conversion”** and the results 
agree in demonstrating very efficient charge neutral- 
ization of the converted ion. If the parent Br® is in 
suitable combination (e.g., methyl bromide) it may be 
expected that the daughter Br® ions will quickly become 
rather energetic atoms; if these survive the first few 
collisions they finally appear as thermal atoms. 

There are certain advantages in producing bromine 
atoms by this method, which, in many respects, re- 
sembles photochemistry. Atoms are produced uniformly 
throughout the reaction system at a known rate. Since 
in this work only about 10°®-10* radioactive atoms are 
produced during several hours, collisions with other 
atoms and radicals are completely negligible and other 
reagents remain at constant concentrations. The parent 

* Presented in part at the 117th meeting of the American 
Chemical Society, Detroit (April, 1950). 

t From a thesis submitted June, 1950, in partial fulfillment of 
the requirements for the dégree of Doctor of Philosophy at the 
University of Notre Dame. 

t Acontribution from the Radiation Project, originally operated 
under Department of the Navy, ONR Contract 165 T.O. II, 
now operated under AEC Contract At(11-1)-38. 

1For a description of this and related topics see R. R. 
Williams, Jr., Principles of Nuclear Chemistry (D. Van Nostrand 
Company, Inc., New York, 1950). 

2 (a) D. DeVault and W. F. Libby, J. Am. Chem. Soc. 63, 3216 
(1941); (b) J. E. Willard, J. Am. Chem. Soc. 62, 3161 (1940). 

3R. R. Williams, Jr. and W. H. Hamill, unpublished work, 
used HBr® at ca 10°? mm Hg with a silver cathode at 5-2000 
volts cm~!. Any separation achieved was less than the experi- 
mental error of ~5 percent. More recent and refined experiments 
by S. Wexler and H. Davies, J. Chem. Phys. 18, 376 (1950), have 
resulted in collecting positively charged daughter species from 
more than 50 percent of the dissociations. Uncharged Br®*, shown 
to be present, might have been formed by charge transfer within 


the parent molecule, C2H;Br®, prior to dissociation and also by 
gas collisions. 
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Br*™ is itself the product of a nuclear process (mn, y), 
and it can be prepared at high specific activity by 
Szilard-Chalmers concentration ; the compound in which 
it is incorporated may be present in the reaction system 
at small or moderate concentration. In order to employ 
this method of producing bromine atoms, however, it 
was first necessary to redetermine the chemical yield of 
Br® since previous measurements have not agreed. It 
was also desirable to attempt to establish the rate and 
the mechanism of the exchange between hydrogen 
bromide and bromine, over which there is a divergence 
of opinion* both because of the intrinsic interest in a 
surprisingly rapid rate of exchange (nearly complete in 
two minutes at ca 100 mm of each reagent at room 
temperature)® and also because this information has 
kinetic applications (see below). 


EXPERIMENTAL 
Activity Measurements 


Active gaseous samples from hydrogen bromide- 
bromine mixtures for exchange measurements were 
contained in a 10-cc hemispherical all-glass bulb with 
the thin, flat face placed near a mica-window counter. 
All other active gaseous samples were counted in a 
cylindrical, annular, glass container with a centrally 
located thin-wall counter. Liquid samples were meas- 
ured in a jacketed thin-wall counter (~4 cc). 

To avoid tedious measurements for Br*? (34 hr) in 
connection with Br® counting, a fixed correction was 
established by maintaining all neutron bombardments 
at 12 hr and beginning activity measurements six 
hours later (zero time). 


(A) Conversion Efficiency of Br® 


Ethylene dibromide was bombarded for 12 hr with 
thermal neutrons from a 300 mg Ra-Be source. The 
active bromine was extracted with dilute alkali con- 


4(a) L. C. Liberatore and E. O. Wiig, J. Chem. Phys. 2, 165 

tows,’ 8, 349 (1940); (b) W. F. Libby, J. Chem. Phys. 8, 348 
1940). 

5 Since this work was completed a brief report by H. Jacobson, 
J. Chem. Phys. 18, 994 (1950), presents evidence strongly indi- 
cating a very rapid heterogeneous exchange between HBr and Br 
with no indication of radiochemical or photochemical effect. 
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KINETICS OF Br FROM 


taining appropriate amounts of carrier sodium bromide 
and converted to silver bromide which was mixed with 
an excess of aluminum filings in a quartz tube con- 
nected to the vacuum line. The mixture was evacuated 
at ~70° and then heated strongly. Aluminum tri- 
bromide so prepared was held in a refrigerated trap 
and the desired amount of methyl bromide added. 
Isotopic exchange occurred quite readily upon lique- 
fying. Aluminum tribromide was destroyed by hy- 
drolysis; the active methyl bromide was passed over 
soda-lime, mixed with a measured amount of hydrogen 
bromide and allowed to stand 3 hr at room temperature. 
The mixture was then passed over soda-lime, removing 
hydrogen bromide; the methyl bromide was condensed 
in the cold finger of the sample holder and confined 
there by a mercury cutoff. The methyl bromide was 
volatilized and counting started about twenty seconds 
after separation. Activity was measured during 0-15 
min and 120-500 min after separation. 


(B) Kinetic Measurements 


Active methyl bromide, prepared as in (A), was 
mixed with ethylene, hydrogen bromide, and ethyl 
bromide and stood for 3 hr at room temperature. 
Hydrogen bromide was removed by passage through a 
tube packed with pellets of solid potassium hydroxide. 
All other components were condensed in the cold finger 
of the sample holder. Ethylene was removed by warm- 
ing this condensate to — 120°C cryostatically ; this step 
facilitated subsequent rapid gas mixing prior to count- 
ing. The residual condensate was confined by a mercury 
cutoff, vaporized and mixed by thermal siphoning; 
activity was measured as before. 

Mixtures of active methyl bromide, hydrogen bro- 
mide, and allyl bromide or dibromoethylene were 
treated similarly (except for removal of ethylene). 


(C) Hydrogen Bromide-Bromine Isotopic Exchange 


AgBr® was prepared as in (A) except for a lapse of 
48 hr between irradiation and use, to avoid complica- 
tions due to Br®. Active silver bromide was reduced 
with hydrogen and the active hydrogen bromide was 
transferred to the sample holder for counting. A one- 
liter flask, painted black, connected to the sample 
holder through a stopcock lubricated with Apiezon N, 
was filled with inactive, saturated bromine vapor at 
—51.6°C (0.94 mm). Both reagents were then frozen 
out together and expanded into the liter vessel. After a 
predetermined time the gases were condensed in the 
sample holder. The condensate was warmed to — 122°C 
and hydrogen bromide expanded into the large flask. 
Bromine, containing about one percent of hydrogen 
bromide, was then volatilized and counted. The se- 
quence of operations was then repeated and bromine 
activity redetermined. As a final check the combined 
activities were measured. 


ISOMERIC TRANSITION 
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(D) Retention of Daughter Br® by Hydrogen Bromide 


Methods and apparatus were similar to (B) except 
as noted. Active silver bromide was reduced by hydro- 
gen or deuterium. Since the activity of hydrogen 
bromide was to be measured, the caustic scrubber was 
replaced by a cold trap. The reaction mixture, after 
standing for three hours, was condensed in the trap 
with liquid air, then warmed to —78° (for dibromo- 
ethylene) or —97° (for allylbromide). The volatilized 
hydrogen bromide was then collected in the gas sample 
holder for counting. 


(E) Addition of Bromine to Olefins 


For measurements in solution the air-free solvent 
and reagents (carbon tetrachloride, bromine, dibromo- 
ethylene, and active methyl bromide) were vacuum 
distilled into the reaction vessel at the temperature of 
liquid air. The solution was brought to 0° in the dark 
and quenched with sodium thiosulfate after one hour. 
The activity of the organic layer was measured. 

Gaseous systems, consisting of active methyl bro- 
mide, olefin, and bromine (in some runs hydrogen 
bromide as well), were handled as in (B) except that 
the reaction vessel was paraffin-coated and that re- 
action time was reduced to 30 min before separating 
and counting. 


RESULTS AND DISCUSSION 


When a mixture of CH;Br®* and hydrogen bromide 
approach transient equilibrium, it is to be expected 
that the following processes will tend to occur as a 
result of isomeric transition (I.T.) when it is accom- 
panied by internal conversion (I.C.), 


LT. 
ee Br® 


HBr+ Br®°——>HBr™-+ Br, 


but ignoring the details of producing and neutralizing 
charge on the daughter Br®. In the absence of I.C. it is 
to be assumed that daughter Br® is retained by the 
parent molecule. It has been found possible to treat all 
results as though the free Br® daughter particle exists 
only as neutral atoms. It will be seen that this means, 
in fact, all daughter Br® when CH;Br®™ is involved. 

The counting efficiency of I.T. is negligible under 
usual experimental conditions and its activity is actually 
measured through its daughter Br®. To determine the 
distribution of Br® between the organic and inorganic 
fractions it is sufficient to measure the growth and decay 
of Br® in that fraction which contains the parent 
molecular species. By appropriate extrapolations one 
obtains the relative activities of Br®* and Br® at the 
time of separation. From these data the relative 
amounts of CH;Br®*, CH;Br®, and HBr® are obtained 
at once. A similar method applies to the other systems 
studied. 
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TABLE I. The efficiency of internal conversion of the nuclear 
isomeric transition of Br®® using CH;Br®°— HBr gaseous mixtures 
at room temperature. 








Efficiency of 





CH3Br® mm HBr mm conversion 
450 450 0.99 
200 120 0.96 
120 60 1.00 
150 0 0.96 








Efficiency of Internal Conversion of Br*° 


It appears probable, from the results reported in 
Table I, that earlier measurements of the extent of 
internal conversion were affected by complicating hot 
atom reactions or recombination. Such effects appear 
to be much more likely in condensed phases and in the 
absence of a reagent able to react efficiently with the 
radioactive atom or radical. It is also known from the 
present work (see below) that if hydrogen bromide had 
been chosen as the molecular species to contain Br®* 
the apparent extent of conversion would have been 
appreciably less. 

It is of some interest that although hot atom re- 
actions producing organic activity attend the I.C. 
process in the liquid state?® and are also induced by 
the n, y process with ethyl bromide vapor,* they do 
not contribute more than two percent under our experi- 
mental conditions. 

When CH;Br® was removed from the sample holder 
appreciable 18 min activity remained after careful 
evacuation. A similar effect has also been observed in 
these laboratories after neutron bombardment of ethyl 


TABLE IT. The chemical kinetics of the system 
Br® (I.T.), HBr, CoH, at 25-32°.8 








Pressure, mm Ratio of activity 





HBr CoH, inorganic/organic pP 
113 51 0.54 
105 50 0.48 
73 51 0.27 
50 | 0.42 
40 50 0.38 
25 50 0.59 
21 50 0.36 
10 49 0.50 
9 51 0.30 
Av. 0.42 21 
52 49 19 
53 34 19 
52 25 15 
51 22 16 
52 18 17 
51 9.3 17 
52 8.7 15 
52 5.1 17 
51 3.4 13 








® CH;Br® (10-15 mm) and carrier C2HsBr (7-9 mm) were present in 
each run. 


*R. R. Williams and W. H. Hamill, J. Chem. Phys. 18, 783 
(1950). 
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bromide vapor when it was readily removed by gaseous 


hydrogen bromide. It is possible that the peculiarities | 


in the behavior of daughter Br® observed by DeVault 
and Libby” and attributed by them to persistent atomic 
bromine may have been due to this phenomenon. 


Chemical Kinetics of Ethylene, Hydrogen Bromide, 
and Daughter Br*° 


The measurements reported in Table II and in 
Figs. 1 and 2 were designed to parallel those previously 
reported for the m, y process.* One would expect the 
two sets of results to be similar except as influenced by 
somewhat different hot atom effects, and this simi- 
larity is most obviously demonstrated by the inde- 
pendence of the inorganic-to-organic activity ratio p 
upon the pressure of hydrogen bromide (Fig. 1) and by 
the strong dependence of this ratio upon P, the pressure 
of ethylene (Fig. 2). 

The mechanism previously proposed (where Br® 











Of oO 
(@) a Oo Oo 
Q O° oO oo 
0.2 ° 
50 700 
P HBr 


Fic. 1. Independence of activity distribution upon 
pressure of HBr at constant C2H4. 


represents the recoiling hot atom) is 


Br°+RH wr Br®+RH (2) 
Br®+-RH ae HBr®+R (2a) 
Br®-- HBr = HBr®+Br (3) 
Br®+C2H, a C:H.Br® (4, 5) 

, 
C:H,Br®+ HBr : C:HsBr®. (6) 


For convenience, the same numbering has been kept. 
This mechanism leads to the following rate law: 


ksks Rea Rea 
pp=—" (14+) +=. 
Rake Re Re 


From a least squares treatment one obtains 
pP=0.11P+14.5, 


and therefore k3ks/kake=13.2, koa/ko=0.11 with esti- 
mated errors of +2 and +0.04, respectively. The 
corresponding values from the n, y studies* were 15.5 
and 0.15. One might expect the intercepts to be the 
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KINETICS OF Br FROM 


same for both studies since thermal Br® reactions above 
are involved. There is more nearly conclusive evidence 
below that there is less hot atom reaction, corresponding 
to kea/ ke, from I.T. than from neutron capture. From a 
consideration of earlier discussions of the chemical 
consequences of the I.T. process,’ however, the question 
arises as to the reality of the postulated hot atom effect, 
since the nuclear recoil energy is of the same order as 
thermal energy. 

It appears that large kinetic energies can be generated 
in charged daughter Br® particles by collisions in- 
volving partial charge transfer, such as 


Br*++M—M ++ Br'. 


The energy transferred in this manner could approxi- 
mate the difference in ionization potentials and for 
z=2 would exceed 100 kcal. It would presumably lead 
to the hot reaction 


Br'®+RH—-HBr'”+R (2a’) 


with subsequent charge neutralization.’ In this event 
the quantitative difference in hot atom effects men- 
tioned above is to be explained by a qualitative differ- 
ence in mechanisms, and the slope in Fig. 2 is to be 
represented by kea/k2. Further confirmation of the 
qualitative and quantitative correctness of this inter- 
pretation of the term koa/k2 appears below. 


Reactions of Bromo-Olefins with Bromine Atoms 


The remarkably efficient exchange between Br® re- 
coils from Br7°(n, y)Br® and certain bromo-olefins, even 
in the presence of large amounts of hydrogen bromide, 
has been discussed elsewhere.’ Such exchange is pre- 
sumably due to formation of a free radical which is 
symmetric as regards an active and an inactive bromine 
atom. Thus, for allyl bromide the following mechanism 
is postulated : 


Br” BrH.C— CH= CH.—BrH.C— CH— CH.Br®—> 
_ CH.= CH—CH.Br®+Br. 


Since it has been found previously® that the extent of 
such exchange can be used to measure the extent of 
thermalization of energetic recoil atoms from the n, y 
process, it is of interest to determine the exchange for 
Br® atoms from isomeric transition. 

The results of these exchange measurements, re- 
ported in Table III, are practically independent of the 
relative amounts of hydrogen bromide and of bromo- 
olefin and of the nature of the bromo-olefin. It has 





"For a brief summary see A. C. Wahl et al., Radioactivity 
“ny to Chemistry (John Wiley & Sons, Inc., New York, 1951), 
Pp. 209. 


* For further discussion of this effect see J. L. Magee and E. F. 
Gurnee, J. Chem. Phys. 20, 894 (1952). 

* Williams, Hamill, and Schwarz, Brookhaven National Labora- 
(ison No. C-10, 67 (1950); J. Am. Chem. Soc. 72, 2813 
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Fic. 2. Dependence of activity distribution upon 
C.H, at constant HBr. 


already been demonstrated that in mixtures of CH;Br** 
and hydrogen bromide the daughter activity appears 
exclusively in the inorganic fraction; it follows from 
these data that an average of 93 percent of the daughter 
activity re-enters the organic fraction by exchange. 
Since addition has already been ruled out,® these results 
support the hypothesis that daughter Br® intermediate 
particles of thermal energy, which can exchange with 
hydrogen bromide and bromo-olefin, are atoms. 

These results also agree with those of the preceding 
section if the activity which fails to exchange (7.31.5 
percent) represents HBr® formed by hot reaction (2a’) 
and therefore not accessible for exchange with bromo- 
olefin. If we make the reasonable assumption that ex- 
change with bromo-olefin involves only thermal Br® 
atoms, then we would predict from these results that 
koa /ko=0.073/0.93 or 0.08, in adequate agreement with 
the kinetic interpretation.” 


Exchange Between Hydrogen Bromide 
and Bromine 


This exchange was originally reported® to be thermal, 
homogeneous, and not quite complete in two minutes 
at room temperature. Upon the basis of either of two 


TABLE III. Exchange between bromo-olefins and 
daughter Br® at 25-30°C. 











Br® activity 
CH2:=CH —CH2Br HBr CH:sBre* in organic 
mm mm mm fraction, % 
1.9 2.3 13 98 
4.9 93 3.9 91 
5.0 174 91 
5.3 177 3.5 96 
CH2Br =CH2Br HBr CH:Br8* 
mm mm mm 
FM 90 2.8 85 
2.9 91 6.3 92 
2.4 89 5.3 100 
2.4 91 4.2 98 
2.4 182 6.2 88 
1.9 182 7.6 88 
Av. 92.7+1.5 








10 A similar confirmation of the value kea/k2=0.15 from n, y 
kinetic studies (see reference 6) was obtained by measurements 
of bromo-olefin exchange, giving 0.145. 
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TABLE IV. Exchange between HBr® and Bro. 








Contact Activity ratio 





HBr#? Bre time Temp. HBr/Bra 
mm mm min *< First obs. Equil. 
0.86 0.94 49 0 0.45 0.46 
3.1 0.94 14 0 1.64 1.65 
2.0 0.94 2 19 1.08 1.07 








conflicting interpretations.» it was expected that a 
measurably slow exchange would occur at reduced 
pressure. The measurements, reported in Table IV, 
clearly demonstrate an exchange too rapid to measure 
under our experimental conditions. Because of the 
difficulties of explaining satisfactorily such a rapid 
homogeneous reaction, and considering more recent 
measurements’> demonstrating an even faster reaction 
than can be established by our measurements, it 
appears probable that the present results are also to 
be accounted for by heterogeneous reaction. 


Mechanism of the Addition of Bromine to the 
Carbon-Carbon Double Bond 


It has been shown! that for the halogens X3 is 
stable with respect to X and X». It has sometimes been 
thought, therefore, that photochemical reactions with 
halogens may involve X3; molecules, as in the following 
illustration.!” 

Br+ Br.—Br; 


CoHo+ Br3;—C.H2Brs 
C.H»Br;—C.H2Br+ Bre 
C.H,Br+ Br.—C.H2Bre+ Br, etc. 


The use of X; molecules in such mechanisms has been 
criticized by Sherman and Sun," using the method of 
Eyring and Polanyi, since they find that X_ will add 
more rapidly than X3. The reliability of this conclusion 
has been questioned’? because of the uncertainties of 
the computations, and it is desirable to attempt to 
resolve the question experimentally. The possibility of 
such a test depends in part upon the ability to produce 
labeled bromine atoms (e.g., from CH;Br®*) in a 
system containing unlabeled molecular bromine. It also 
depends upon the demonstrated efficiency of exchange 
between bromo-olefins and bromine atoms.® 

Since the Br; molecule is linear the maximum organic 
activity, according to the following mechanism (where 
A=allyl bromide, etc.), is evidently half of the total. 


CH;Br** aioe CH;+ Br* 
Br®+ Br. —— Br—Br—Br® (7) 


( ul a K. Rollefson and H. Eyring, J. Am. Chem. Soc. 54, 170 
1932). 

2 J. E. Booher and G. K. Rollefson, J. Am. Chem. Soc. 56, 
2288 (1934). For additional examples of such mechanisms see 
E. W. R. Steacie, Atomic and Free Radical Reactions (Reinhold 
Publishing Corporation, New York, 1946). 

(sss) Sherman and C. E. Sun, J. Am. Chem. Soc. 56, 1096 
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A+Br—Br—Br® —— A(Br—Br—Br®) (8) 


50% 

A(Br—Br—Br®) ——> ABr®+ Br. (9) 
50% 
—— ABr+BrBr®” (10) 


followed, e.g., by 
BrC—C—CBr®+Br,— CBr—CBr—CBr®+Br (11) 
or by 
BrC—C—CBr®— C=C—CBr®+Br. (12) 


The following variation 


50% 
A(Br—Br-—Br®) —— ABrBr®+ Br (13) 
0% 


50% 
— > ABrBr+Br® (14) 


would not change the upper limit of organic activity. 
On the other hand, if the usual mechanism be con- 
sidered, e.g., 


C=C—CBr+ Br® — BrC— C— CBr” (15) 
BrC—C—CBr®— C=C—CBr+Br, (16) 


it is evident that the maximum organic activity could 
be 100 percent™ of the daughter activity. 

The test can be vitiated by exchange between Br* 
atoms and molecular bromine. If this exchange is not 
followed by net addition of bromine but if the organic 
activity is less than 50 percent, no choice can be made 
between the mechanisms. If limited exchange occurs 
and organic activity is significantly greater than 50 
percent, then, barring other complications, a decision 
can be made. The alternate difficulty of exchange 
producing active molecular bromine followed by net 
addition could obviously produce an organic activity as 
great as 100 percent by either mechanism. This diffi- 
culty can be avoided by adding a considerable excess of 
hydrogen bromide which removes activity from molecu- 
lar bromine by exchange. 

It should be observed that the success of the test 
does not depend upon net addition of bromine. In fact, 
in the case of a,8-dibromoethylene addition is very slow 
(i.e., to produce tetrabromoethane) but exchange is 
very rapid. The mechanism for the latter could be by 
(8) and (9) or by (15) and (16). Follow-up reactions 
between ABr® and Br. are evidently not essential to 
the test for any of the bromo-olefins. 

The following preliminary tests were performed. 
(1) Solutions of a,6-dibromoethylene (0.1 M) and bro- 
mine (10-*—10-! M) in carbon tetrachloride were kept 


4 This is so even though half of all initially combined Br® will 
be regenerated as free Br®° atoms by (16). A few repetitions of 
the cycle (15), (16), assuming sufficiently slow exchange wit 
bromine, could eventually lead to 100 percent organic activity. 
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KINETICS OF Br FROM 


in the dark at 0° for five hours without reaction. 
(2) Very rapid addition of bromine to allyl bromide and 
to 2-bromopropene occurred at —70° in petroleum 
ether. Consequently, these olefins could not be studied 
in solution. (3) A gaseous mixture of allyl bromide, 
methyl bromide, and bromine at the approximate 
pressures used in later runs, was prepared in the dark. 
By visual comparisons with color standards 80 percent 
of the bromine had reacted at the end of 3.5 hours. 
In a similar test with 2-bromopropene, 70 percent of 
the bromine had reacted after 2 hours. Since appreciable 
net addition does occur with these two olefins, it is 
necessary to avoid increasing the Br® content of the 
organic fraction by such reactions as (17), 


BrC— C— CBr+BrBr®— BrC— CBr—CBr+Br, (17) 













which are common to both mechanisms. This difficulty 
was avoided both by decreasing the time for reaction 
with allyl bromide and 2-bromopropene from 180 min 
to 30 min and by adding a large amount of hydrogen 
bromide; as a precautionary measure, runs in solution 
were limited to 60 min. 

The results in Table V are most easily interpreted for 
dibromoethylene. It is evident both that the Br; 
mechanism cannot account for the large organic ac- 
tivity and also that there is a competing exchange 
reaction between Br® atoms and molecular bromine of 
approximately the same specific rate.” Although a,6-di- 
bromoethylene is exceptional in its relative inertness 
toward bromine to form the addition product, it has 
been shown that it is quite efficient in its reaction with 
atomic bromine and this alone is required for our 
present purpose. 

The other two cases in Table V require further con- 
sideration because of the short equilibration time, and 
corrections may be applied for two extreme situations. 
(1) It may be assumed that methyl bromide admitted 
to the reaction chamber contained very little CH;Br®. 
At the end of thirty minutes, therefore, Br® activity 
will have grown to approximately 70 percent of that at 
transient equilibrium. (2) On the other hand, it might 
be assumed that the bromine isomers are in transient 






















TaBLE V. Addition of bromine to olefins at room temperature. 

















% organic activity 
Corr. Corr. 





Pressures of reagents, mm 













Subs. Olefin Br2 HBr CH;Br®%* Obs. (1) (2) 
BrC =CBr 2.4 0.5 0 4.8 82 
BrC =CBr 2.4 1.3 0 3.7 64 
BrC =CBr 2.5 3.7 0 6.8 59 
C=C-C-—Br 62 1.8 19 33 78 120 67 
C=C-—C-—Br 63 1.8 18 27 76 117 64 
C=CBr-—C 136 1.8 19 29 80 123 70 
C=CBr-—C 136 1.8 19 26 75 115 62 

















* R. M. Noyes has recently measured the relative rates of these 
two exchange reactions (private communication, to be published) 
and finds that the rate constant for the exchange of a Br atom 
with a C-H»Br2 molecule is 0.31 of the rate constant of a Br atom 
with a Bre molecule in CCl, solution from 30-45°C. 
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TABLE VI. Addition of bromine to a,6 dibromoethylene in 
carbontetrachloride solution at 0°. 








Molar concentration (10) ~2 % organic activity 





BrC =CBr Bre CH;Br8* Obs. Corr. (1) Corr. (2) 
10 1B 1.6 85 104 83 
10 is 1.9 87 106 85 








equilibrium at the moment of mixing and that all of 
this daughter is in the organic fraction at the end of 
the period of equilibration. A similar situation exists 
for the measurements in Table VI. Corrections for 
these two extreme assumptions have been applied and 
appear as “corr. (1)” and “corr. (2),” respectively, in 
Tables V and VI. It is also evident from the results of 
Table II that hot atom effects will cause a small part 
of the Br® to produce inorganic activity which is un- 
available for reaction with olefin. This effect would be 
somewhat composition dependent and, since it is not 
critical, it has been ignored. 

The results in Tables V and VI demonstrate that the 
primary step in the addition of bromine atoms to these 
olefins in the presence of bromine, both in the gas phase 
and in solution, occurs to a considerable extent, if not 
entirely, by the atom mechanism. The possibility of a 
partial contribution to the total process by Br; cannot 
be eliminated but appears to be improbable on an 
experimental, as well as on a theoretical basis. 


The Retention of Daughter Br®® by Hydrogen 
Bromide and Deuterium Bromide 


Suess!* has shown that although it might be expected 
that the hydrogen bromide molecule would often fail to 
dissociate following neutron capture, whereas deuterium 
bromide should dissociate to a much greater extent, his 
work in fact gave evidence for substantially complete 
dissociation in both instances. More recent work® in 
these laboratories is open to the interpretation that 
24-x percent of the hydrogen bromide molecules fail to 
dissociate upon neutron capture and x percent produce 
HBr® by hot atom reactions or, more probably, that 
dissociation following neutron capture is complete and 
24 percent of the recoils produce HBr® by hot atom 
reactions. This ambiguity has not yet been resolved 
but the corresponding problem of the extent of failure 
of HBr®* to dissociate following isomeric transition can 
be solved experimentally. It has also been shown 
(Table II) for mixtures of bromo-olefins, hydrogen 
bromide, and active methyl bromide that almost all of 
the daughter activity exchanges with bromo-olefins. It 
follows that if, in mixtures of these same reagents but 
with parent activity present in hydrogen bromide, the 
daughter activity does not exchange as completely with 
the bromo-olefins, then it may be concluded that dis- 
sociation has not been complete. 


16 H. Suess, Z. physik. Chem. B45, 312 (1939). 
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TABLE VII. Retention of daughter Br®* by hydrogen and 
deuterium bromides at ca 28°. 








Pressures of reagents, mm Inorganic activity, % 


W. H. HAMILL AND J. 





BrC=CBr HBr*®0 CH;3Br obs. corr. 
2.3 90 5.4 30 24 
2.4 90 5.3 32 26 
2.6 90 5.3 31 25 
2.5 4.8 5.2 31 25 
C=C—CBr HBr*®? CH;3Br 
2.4 91 5.2 30 24 
28 91 5.2 27 21 
29 89 5.0 33° 27 
31 91 5.0 338 27 
BrC=CBr DBr® CH;Br 
1.4 54 3.1 24 17 
1.8 65 3.9 23 16 
1.8, 71 4.2 22 15 
C=C—CBr DBr®° CH3Br 
1.9 71 4.0 22 15 
27 78 4.4 22 15 








® These measurements were performed at 100°. 


Repeated measurements with both HBr®* and DBr®*, 
using a,6-dibromoethylene or allyl bromide, both at 


A. YOUNG 





room temperature and at 100°, clearly demonstrate 


that a significant fraction of internal conversions are 

not accompanied by bond rupture in hydrogen and © 
deuterium bromides (Table VII). Since there is evidence | 
that in these mixtures 7 percent of the conversions | 


result in inorganic daughter activity by hot atom 
reactions, the corrected values for retention are corre- 
spondingly diminished. 

Since it has been calculated* that fewer than twelve 
percent of all conversions correspond to the loss of 
only one or two electrons, it is unexpected to find such 
large retention by HBr®. In fact, recent work!” demon- 
strates that under more favorable conditions the meas- 
ured retention may become as great as fifty percent. 

A detailed consideration of these facts appears in the 
following paper.® It is sufficient to mention here that 
if the computed charges are correct, then rather highly 
charged molecule-ions of hydrogen bromide may be 
stable and bond rupture can be attributed to the very 
large kinetic energies generated in collisions involving 
partial charge transfer, such as (2a’). 


17R. R. Williams, Jr. and W. H. Hamill (to be published). 
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The work of Hamill and Young (previous paper, this journal) 
has demonstrated that only a fraction of HBr®(g) and DBr®(g) 
bonds are ruptured following isomeric transition in Br®. It is 
known that this transition is completely converted and from the 
theoretical work of Cooper it is to be expected that all Br® atoms 
should be separated from chemical combination. This paper 
presents a brief theoretical consideration of the rupture mechanism 
in HBr® in an attempt to understand why the rupture does not 
always occur. 

Approximate potential energy curves for some of the various 
molecular ions HBrt? which form during the Auger shower 
following conversion have been constructed. It is found that there 
is a very great possibility that these ions all have lowest electronic 


INTRODUCTION 


N the isomeric transition of Br® there is complete 
conversion of the transition energy.! This means 
that each bromine atom which undergoes transition is 
immediately subjected to an Auger shower, and from 
the work of Cooper? it is expected that the chemical 


* Contribution from the Radiation Project, operated in part 
under AEC Contract AT(11-1)-38. 
t Present Address: Dow Chemical Company, Midland, Michi- 
gan. 
( 1W. H. Hamill and J. A. Young, J. Chem. Phys. 20, 888 
1952). 
2 E. Cooper, Phys. Rev. 61, 1 (1942). 





states which are stable with respect to the dissociation process 
HBrt2—Ht+Brt(2-», 


and the possibility for nonrupturing is thus qualitatively ex- 
plained for the charging process, since the entire charging time 
is short compared with molecular collision time in the gas phase. 
A further necessary condition for nonrupturing (as measured by 
Hamill and Young) is that the ions can be discharged in collisions 
without rupture. This process is also considered briefly. 

The complete rupture of the C—Br® bond (in CH;Br®(g)) is 
also considered and explained qualitatively. In this case no 
stable molecular states exist for the ions and rupture occurs 
during the charging process. 


binding of the bromine should be destroyed. The recent 
results of Hamill and Young! show that some HBr® 
and DBr® molecules do not rupture, and so the effect 
of an Auger shower on these molecules has been re- 
considered. 

There are two minimum requirements for the ob- 
served nonrupturing of a molecule in Hamill and 
Young’s experiments: (a) The molecule must remain 
intact during the Auger charging process, which on the 
average means the acquisition of a charge of plus four 
or five. During this time the molecule will not suffer 4 
collision. (b) It must remain intact during the dis 
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BOND RUPTURE IN HBr?®? 


charging process which presumably takes place by 
charge transfer to other molecules in collisions. It has 
previously been assumed that the molecule always 
ruptures during the charging stage; the results of this 
paper show that this is not necessarily the case for 
HBr and DBr. The discharge mechanism has not as 
yet been treated in detail but we find no conditions 
which would require molecular rupture. 

In previous discussions of this mechanism** the con- 
clusion that rupturing should always occur during the 
charging stage was based upon a model of the chemical 
bond too crude for a valid qualitative description. In 
the next section we shall see that there is a “homopolar”’ 
bond in H—Br*4 which is remarkably stable with re- 
spect to the charging of Br. The actual molecular states 
are combinations of this “homopolar’’ state and polar 
states, but there are potential minima for the system 
for all states of charge. Thus, high charge alone is not 
sufficient to cause molecular dissociation. 


POTENTIAL CURVES FOR HBr*4 


For each condition of charge of Br (i.e., Br*”) we 
shall be interested in two potential curves: one for 
HBrt? which is for a two electron bond (we shall call 
this the “homopolar” state) and one for the polar 
state Ht+Brt2—!, The latter curve will be, of course, 
a purely Coulombic repulsion at moderate and large 
separations for Z>2. 

First let us consider the series of “homopolar” curves. 
These were constructed with the use of two electron 
Heitler-London wave functions: 


V=a(1)b(2)+a(2)b(1), (1) 


where a(1) is the 1s atomic orbital for hydrogen occupied 
by the first electron and 6(2) is the appropriate orbital 
for bromine occupied by the second electron. The Br 
atom was assumed to have only one valence electron 
and a Slater* wave function was used for it. 


b(2) = Nr? exp(—Z’/3.7) roe. (2) 


Here N is the normalizing factor, Z’ is the “effective” 
charge on the valence electron as determined from 
Slater’s shielding constants.* 


TABLE I. Summary of homopolar bond calculations. 


ae 








Z’ 
Effective 
charge on 

valence 
electron 


“*Homopolar” Bond 
bond dis- distance 
sociation Bohr 

energy radii 


Number 
ofcurves Charge 
ig. 1 on Br 
a none 7.6 4.4 (ev) 2. 
K shell 8.6 .7 
L shell 9.6 


Position 
of missing 
electrons 





10.15 


b 
c 
d M shell 
e N shell 9.0 








——__. 


*E. Segre and A. C. Helmholz, Revs. Modern Phys. 21, 271 
(1949) ; Barnes, Burgess, and Miskell in Wahl and Bonner, Radio- 
activity A p plied to Chemistry (John Wiley and Sons, Inc., New York, 
= Literature references to older work are listed in these 

cles, 

‘J. C. Slater, Phys. Rev. 36, 57 (1930). 
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Fic. 1. Potential curves 
for HBr*7. 


INTERACTION ENERGY 











i 
Oo | 5 
SEPARATION of NUCLEI 
(BOHR RADI!) 


The series of curves in Fig. 1 marked “A” show the 
results of those calculations. A summary of the results 
of the calculations is given in Table I. There is a re- 
markable stability of the ‘“homopolar’”’ bond dissocia- 
tion energy and bond distance with respect to the 
magnitude of the net charge and also the position of the 
missing electrons. The reason for this stability is, of 
course, that the effective charges Z’ in the Slater atomic 
wave functions are not at all sensitive to these changes, 
because of the large charge already on the Br nucleus. 

If there were no other states involved, the “‘A”’ curve 
of Fig. 1 would be actual molecular states, and the 
molecule would move vertically from one of these curves 
to the next as the Auger shower proceeded. Since the 
potential minima are all at the same internuclear 
separation, there would be no vibrational excitation 
and thus there would be no dissociation as a result of 
the charging process. The possibility exists, however, 
that other types of states interact with these and the 
actual molecular potential curves are more complicated. 
Polar states and excited electronic states must be 
considered. It is shown below that excited electronic 
states cannot play a very important role. On the other 
hand, polar states are easily seen to be important; the 
potential curves marked B in Fig. 1 are for the various 
polar states. 

The polar curves were calculated as simple Coulombic 
repulsions, and so they are completely determined by 
their asymptotic values. To establish the asymptotic 
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values it is necessary to know the ionization potentials 
for bromine ions with various inner electrons missing. 
These potentials can be estimated according to the 
method of Slater. However, it is found that in this 
region of the periodic table Slater’s method gives ion- 
ization potentials that are approximately 10-15 ev 
higher than experimental values. For example, the 
ionization potential of Br*t with one 1s electron missing 
should be very nearly the same as that for Kr* with 
one 4p electron missing. The calculated value for this 
species of Br* is 36.8 ev, while the experimental value 
for Krt is 26.4 ev. Similarly, the calculated values for 
the first, second, and third ionization potentials of 
bromine are found to be from 10-15 ev higher than the 
known experimental values. Thus, the ionization poten- 
tials used for the bromine ions with inner electrons 
missing were obtained by reducing the value calculated 
from Salter’s rules by 10 electron volts. The constants 
used are given in Table II. 

The A and B curves in Figs. 1c, 1d, and 1e intersect, 
and since the “homopolar” and polar states interact 
strongly, the ions must change their character from 
“homopolar” to polar (or vice versa) on passing the 
intersection. The lowest states of these ions have 
potential curves which are “polar” for large separation 
and “homopolar” for small separations; the stable 
potential minima are retained in all cases, however. 


THE CHARGING PROCESS 


According to the work of Cooper? the mean time 
required to transfer the charge from the K shell to the 
valence shell is about 10~'* second. At the gas pressure 
used by Hamill and Young the collision time is about 
10- second. Thus the charging process is unaffected 
by collisions. 

The amount of energy involved in the conversion 
process is so large (i.e., tens of kilovolts) that in prin- 
ciple there are many molecular states accessible as 
final states. In first order of approximation, however, 
only the ejected electron will be excited with an appreci- 
able probability, and all other electrons will keep their 
original quantum numbers. Also, in each step of the 
Auger shower only the two electrons directly involved 


TABLE II. Ionization potentials of Br*+? used in 
calculation of polar curves.* 











Atomic Level Ionization Electron 
species ionized potentials affinities 
Br tee 11.8(ev) 3.78(ev) 

Brt* N 19.2 11.8 
Brt* N 35.9 19.2 
Brtt+ N 46(55.85) 35.9 
Brttt+ N 46(55.85) 
Brt K 27 (36.83) 17(26.5) 
Brtt+ L 41(50.69) 29(39.14) 
Brt++ M 49(59.25) 37(46.75) 
Brt+++ N 58(67.68) 46(55.85) 








* Values in parenthesis are calculated from Slater's rules. 
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are expected to change quantum numbers. Since the 
original chemical bond is principally “homopolar,” it 
will tend to remain “homopolar,” and thus the molecule 
is expected to be found with highest probability at all 
stages of the Auger shower in the lowest “homopolar” 
and binding states of the various ions. Since there is 
little or no tendency to excite vibrations (due to the 
similarity of the various homopolar curves), the mole- 
cules will not dissociate. 

There is, however, a possibility for partial dissociation 
in the charging stage without excitation of the bonding 
electrons. The chemical bond is actually a mixture of 
“homopolar” and polar states in the original molecule’ 
and the same is true for each of the ions. Some few 
transitions will, therefore, take a system from a stable 
potential curve to the repulsive curve of the next ion 
just due to the fact that each of these states is really an 
admixture of the two pure types. We have not at- 
tempted to make a quantitative calculation of this 
effect. 

In the act of conversion the molecular state changes 
from state A of Fig. 1a to A or B of Fig. 1b. Both of 
these potential curves are binding and have the same 
internuclear separations as the initial state; so there 
can be no dissociation in the first stage. 

In the second stage, y-emission involving the transi- 
tion of an LZ electron to the K shell and the Auger 
process involving two Z electrons (one drops to K shell 
and expels the other) have about equal probability.’ 
Th the first case there is no increase in the net charge 
on the ion and both potential curves remain attractive. 
(They are essentially the same as those of 1b.) In the 
second case the net charge is increased to two and the 
system changes to the potential curves of 1c. The transi- 
tion to the upper potential curve is clearly dissociative 
whereas transition to the lower state will give a stable 
HBr* ion. 

The number of possibilities for transition as the 
shower proceeds is very great and has been followed in 
detail for the resulting ions of atomic bromine by 
Cooper.? Since it would be difficult to estimate the 
combination of polar and homopolar states in the wave 
function for each of the molecular ions HBr*7, we have 
not attempted to make a parallel calculation of molecu- 
lar dissociation. A possible sequence to arrive at a 
charge of plus-four is given, however, by the series of 
curves shown in Fig. 1. The neutral molecule is 
“homopolar” to the extent of 90 percent according to 
Pauling.» One might expect that there is considerable 
mixing of polar and homopolar in the plus-one state 
and that there is little mixing in the others. Although 
detailed calculation has not been made it is not likely 
that as many as half the molecules should dissociate for 
this particular sequence (i.e., 1a—>1b—-1c—1d—le). 

The average charge given an HBr molecule in the 
shower is 4.7.2 This means that considerably more than 


5 L. Pauling, Nature of Chemical Bond (Cornell University Press, 
Ithaca, New York, 1939). 
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SEPARATION of NUCLEI (BOHR RADII) 


Fic. 2. Typical excited states of HBr*?. In the vicinity of the 
normal internuclear separation for HBr the “homopolar” state 
is lowest in energy and unaffected by the various excited states. 


half of the molecules receive charges of less than 4.78 
and so the sequence described is probably quite repre- 
sentative. 


THE EXCITED ELECTRONIC STATE 


It has been pointed out that direct transitions to 
states which involve the excitation of a nonejected 
electron are rare. We must, however, bear in mind that 
such states can cross the states we have been considering 
for certain internuclear separations and thus may affect 
the dissociation process. It is clear that potential curves 
for these states will tend to lie above the lower curves 
by approximately the atomic excitation energy. In 
Fig. 2 a schematic figure is presented which includes a 
number of excited states. From this figure we see that 
the lowest minimum is unaffected and therefore transi- 
tions leading to it will not result in dissociation. The 
upper state, however, is complicated by the excited 
states; dissociation will result, as concluded before, but 
the dissociation products are difficult to determine. 
Excited bromine ions should be formed with high 
probability. 


THE CASE OF C—Br* 


Isomeric transition completely removes Br® from 
gaseous methyl bromide.! The CH;Br molecule has 
many more degrees of freedom than HBr and so a 
complete potential surface would be difficult to obtain. 
We can merely observe, however, that the lowest 
ionization potential of CH; is only 10 ev (as opposed 
to 13.6 for H) so that the polar states for the system 
(corresponding to the B curves of Fig. 1 for HBr) pass 
through the “homopolar” attractive minima and de- 
Stroy the attractive states for this system. The treat- 
ment for the C—Br bond, therefore, leads to the result 
that this bond is always dissociated during the Auger 


Se 


. ‘Because the average charge is given by Dnao® mf(n) where f(n) 
Is the fraction receiving the charge n. 
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shower. One would not expect any observable non- 
rupturing on the basis of this model. 


THE DISCHARGING PROCESS, HBr*+? IN HBr 


The discharging process is even more difficult to 
treat in detail than the charging process. Consider, for 
example, a collision of HBrt? with HBr, where Z>3. 
There will be several states of the ion pairs, e.g., 


HBrt2—!+HBr*! 
and 
HBrt2?+HBr*, 


which have lower electronic energy at large separation 
than the initial state HBr+7+HBr. Some of these 
correspond to excited electronic states of the products. 
Since the products are both charged, they exert Cou- 
lombic repulsion and thus their potential curves will 
all cross the potential curve of the initial pair, which 
has no long-range interaction. The possibility exists, 
therefore, for any one of a large number of products at 
each of the various discharging stages and the determi- 
nation of the actual products becomes a difficult 
quantitative problem. There is also a considerable 
amount of energy available in these reactions and thus 
the possibility for “hot molecule” formation. 
Schematic potential curves for the system HBrt# 
+HBr are shown in Fig. 3. As a colliding system ap- 
proaches on the HBr**+HBr curve it passes the various 
crossing points of HBr**+ HBr". At any of these points 
the system can make a nonadiabatic transition to the 
double-ion state. If the crossing point is at a separation 
of R Bohr radii, there is at this point for the final state 
a potential energy of 27.2/R electron volts which is 
immediately transformed into kinetic energy of the ion 
pair. In this particular case there is a possible maximum 
of 51-ev kinetic energy for the colliding pair.f The 
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TABLE III. Total energy available during typical 











discharge reactions. 

Total energy 

Reaction pair Products difference (ev) 
HBr**+HBr HBrt*+HBrt 46.2 
HBrt?+HBr* 73.0 
HBr**+HBr HBr*t*+-HBrt 34.2 
HBr*?+HBr* 50.9 
HBr**+HBr HBr??+HBrt 24.1 
HBr*?+HBr HBrt +HBrt 7.4 








maximum value is, however, extremely unlikely since 
the interaction of the crossing states out at 4-6A will 
usually be large enough to insure a transition to an 
excited state, and this means that only 10 to 20 ev 
would be converted into relative translation of the 
ion pair. 

Other systems HBrt?+HBr will be qualitatively 
similar. We should note that for low charges, resonant 
transfer processes will discharge the labelled Br® atom: 


HBr®+?+ HBr—HBr®+ HBr*t? 
HBr™+!4 HBr-HBr?+ HBrt!,~ 


The collision discharge processes are expected to be 
extremely efficient. At each collision charge should be 
lost. 

Table III summarizes the discharge processes of most 
interest. The total energy available in each stage limits 
the amount of kinetic energy which can be given to 
the pair of “hot molecules” emerging from the collision. 

The discharge process provides two effects on meas- 
ured nonrupturing: 

(a) It furnishes an additional mechanism for dis- 
sociation of HBr®. Hot molecules HBr®+? emerging 
from one of these neutralizing collisions can be dis- 
sociated on a subsequent collision with an HBr mole- 
cule. This will decrease the measured nonrupturing. 

(b) It furnishes a mechanism for resynthesis of 
HBr®, Hot Br®+ atoms dissociated during the Auger 
shower will obtain energy in similar discharge processes 


L. MAGEE AND E. F. GURNEE 














and can reform labeled molecules by the exchange 
reaction 






HBr+ Br*+2—(HBr®+ Br)+2, 


where the charge can be arranged in various ways. This 
process will increase the measured nonrupturing. 

The net effect is a balance between (a) and (b). In 
these processes it is expected that a difference between 
HBr® and DBr® should appear. 

Hamill and Young! have postulated a hot atom ex- 
change reaction in an explanation of their observed 
kinetics. They point out that the kinetics of a gaseous 
HBr system in which Br atoms undergo I.T. is strikingly 
similar to the kinetics of the same system for (n, y) 
reaction of the Br atom. The y-recoil furnishes a large 
energy, possibly up to 400 ev or so, whereas the initial 
recoil energy of the I.T. process is entirely negligible. 
High kinetic energy must be given the Br by some 
other mechanism, and the present analysis suggests 
that it must be in the discharge process. 

Clearly one expects that rare gas atoms as moderators 
should have an effect on the discharging process. It is 
observed’ that such is the case. It is important to 
remember that chemically inert gases enter the dis- 
charge reactions (i.e., furnish electrons to HBrt) and 
thus affect the source of the hot molecules and atoms 
as well as degrade their energy. These results will be 
discussed in a later publication. 
























CONCLUDING REMARKS 






The considerations of this paper do not by any means 
explain quantitatively the bond rupture process of 
HBr™ following isomeric transition. The possibility for 
existence of attractive states for the HBr*t? molecules 
is established, however, and a source of “hot atoms” 
needed by Hamill and Young in their kinetic mechanism 
is found in the discharge process. It is unlikely that the 
quantitative nature of this problem will be improved 
appreciably in the near future. 


7W. H. Hamill and R. R. Williams, Jr. (to be published). 
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Polymer Formation in Hydrocarbon Flames 


N. THomas 
Department of Chemical Engineering and A pplied Chemistry, Imperial College of Science and Technology, London, England* 


(Received March 20, 1951) 


A theory is developed to account for certain experimental phenomena occurring in hydrocarbon flames. 
It postulates the formation of highly unsaturated chain-polymers and their subsequent rapid breakdown to 
active fragments and oxidation of these. The theory is applied to a number of examples of experimental 
data on hydrocarbon flames. A mathematica] discussion of the breakdown of chain-polymers by self-oscillation 
is given, using a classical model, and the relation between the theory and the experimental data is dis- 
cussed with reference to earlier work on unimolecular decomposition. 
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INTRODUCTION 





ERTAIN experimental results have been obtained 
on hydrocarbon flames in the last few years which 
do not, up to the present, admit of any comprehensive 
theoretical explanation. It is the object of this paper to 
discuss these results and furnish a theory which gives 
an adequate explanation of them. Among these “anoma- 
lous” results referred to above, three groups stand out: 
(1) the data on carbon formation, (2) the contrast 
between premixed and diffusion flames of hydrocarbons, 
and (3) the abnormal spectroscopic temperatures ob- 
tained for certain free radicals in the reaction zones of 
flames. 

Carbon formation has been studied by Rummel and 
Veh! and more recently by Wolfhard and Parker.? The 
former workers indicated that polymerization of hydro- 
carbons to graphite rings was the most probable source 
of the carbon formed in hydrocarbon flames, and this 
point has been discussed in more detail by Wolfhard 
and Parker, who remarked that a direct polymerization 
via aromatics is not in agreement with absorption 
spectra of pyrolyzed hydrocarbons, which give con- 
tinuous absorption, not the characteristic spectra of 
ring compounds. 

Wolfhard and Parker® have made a systematic study 
of simple diffusion flames of hydrocarbons and have 
remarked on the significant differences between these 
and the ordinary premixed flame. The high rate of 
carbon formation in the diffusion flame, the very weak 
C; and CH emission, and the thick reaction zone and 
lower temperature, all point to this. 

Finally, Gaydon and Wolfhard,*:® working on low 
pressure premixed flames with thick reaction zones, 
have obtained abnormal rotational temperatures well in 
excess of the thermal equilibrium temperature of the 
flame for the free radicals C. and OH. 


* Present address: Forrestal Research Center, Princeton Uni- 
versity, Princeton, New Jersey. 

'G. Rummel and F. Veh, Archiv. Eisen 14, 489 (1941). 
use G. Wolfhard and W. G. Parker, J. Chem. Soc. 418, 2038 

*H. B. Wolfhard and W. G. Parker, Proc. Phys. Soc. (London) 
A62, 722 (1949). 

‘A. G. Gaydon and H. G. Wolfhard, Proc. Roy. Soc. (London) 
A196, 169 (1948). 

*A. G. Gaydon and H. G. Wolfhard, Proc. Roy. Soc. (London) 
A201, 561 (1950). 
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In the discussion which follows we shall consider 
certain other experimental data which enable us to 
construct a theory which covers the above facts. We 
shall then apply this theory to some unpublished work 
by the writer and others in this department and finally 
indicate its bearing on the general properties of flames. 


DISCUSSION 


Consider, first, a paper by Gaydon and Wolfhard® 
in which the absolute light emission froni C2 molecules 
in a low pressure flame of known dimensions was 
measured, and from it and the transition probability 
for C, the actual concentration was directly estimated. 

It was shown that this concentration was too small 
to account for carbon formation by the process sug- 
gested by Smith’—direct polymerization of C2. Using 
data on C; volatilization from graphite provided by 
Brewer, Gilles, and Jenkins,’ it was also shown that the 
C. concentration could not be accounted for by direct 
evaporation from carbon particles. The only alternative 
possibility seemed to be that it was formed by the 
breakdown of large molecules. 

This suggestion was supported by another experi- 
mental fact—that the intensity decreased as a power of 
the hydrocarbon concentration, when the latter was 
replaced by CO to maintain the mass flow. In the case 
of methane, the simplest molecule used, it varied as the 
sixth power of concentration—for other hydrocarbons 
a lower power-law held approximately. The most obvi- 
ous explanation of this fact is that the C2 is being 
formed by some process involving polymerization of 
hydrocarbons, and the subsequent breakdown of large 
polymerized molecules, for as remarked above, the 
experimental work showed that the most plausible way 
of accounting for the C2 concentration was to postulate 
its derivation from some large molecule. 

The next results to be considered are those published 
by Gaydon and Wolfhard‘® on abnormal rotational 
temperatures, and unpublished work by the same 
authors® on the abnormal excitation of metal lines in 

6 A. G. Gaydon and H. G. Wolfhard, Proc. Roy. Soc. (London) 
A201, 570 (1950). 

7E. C. W. Smith, Proc. Roy. Soc. (London) A179, 110 (1940). 

8 Brewer, Gilles, and Jenkins, J. Chem. Phys. 16, 797 (1948). 


® A. G. Gaydon and H. G. Wolfhard, Proc. Roy. Soc. (London) 
A205, 118 (1951). 
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the reaction zones of hydrocarbon flames. It has been 
suggested by Niira!® that abnormal rotational tempera- 
tures of OH in arcs are a result of slow-electron impact 
giving the OH molecule an additional angular mo- 
mentum, while Gaydon and Wolfhard® have themselves 
pointed out that in fluorescence-quenching experiments 
the electronic energy of large excited molecules is con- 
verted to translational energy and have suggested the 
possibility of similar abnormal energy exchanges in 
flames. 

In their work on excitation of metal lines Gaydon 
and Wolfhard® introduced organo-metallic compounds 
into the reaction zones of their low pressure flames and 
observed the line spectra of the metal excited in this 
region. Certain lines were found in the case of Fe 
corresponding to transitions of 170 kcal. This abnormal 
excitation reaches its maximum at a point rather higher 
in the reaction zone than the Cz maximum and only 
varies slowly with hydrocarbon concentration, in con- 
trast to the “power-law” effect noted with Co. 

The only possible reactions which are able to provide 
the necessary energy for a transition of 170 kcal are the 
direct reactions of C2. or carbon atoms with oxygen. 
Of these, the C.-oxygen reaction is more probable since 
we have direct evidence of the existence of C2 in the 
reaction zone. We assume that the C2 emission is given 
off as a large molecule breaks down to C2, and that the 
abnormal rotational energy is obtained in the course 
of this breakdown. The C2 radicals thus formed react 
with oxygen directly, but slightly higher in the reaction 
zone, and the excitation, unlike the actual C2 emission, 
is dependent on the concentration of free C2 radicals 
and oxygen, rather than of decomposing polymer. 
Hence the “power-law” does not apply to the abnormal 
excitation effect. 

It is not possible to say with: certainty whether Co, 
CH, or C atoms are wholly responsible for the direct 
reaction with oxygen, but some estimate of probabilities 
can be made on thermochemical: grounds. We are as- 
suming that the active species are being produced by 
the direct break-up of a polymer whose structure is 
approaching that of a carbon skeleton. The energy 
required to release carbon atoms from such a structure 
may not be much less than the heat of sublimation from 
graphite ;—170 kcal per carbon atom. 

The heat release in the reaction 2C+O.—2CO is not 
certainly known, owing to doubt about the value of 
D(CO), but it is >400<450 kcal. The value of 2Z(C) 
needed to sublime the two carbon atoms is 340 kcal. 
With C2, assuming D(C2) to be 115 kcal, the heat of 
sublimation from graphite is 225 kcal, and the heat 
release in the reaction with oxygen is about 300 kcal. 
The value of 225 kcal is an upper limit, and actual heat 
required to release a Cy. mole from a polymer may be 
lower, perhaps as low as the 173 kcal which is the maxi- 
mum Fe transition detected experimentally. Since we 


°K. Niira, J. Phys. Soc. Japan 4, 230 (1949). 
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know that 173 kcal is being communicated to a single 
Fe gram-atom, it seems more likely that a quantity of 
heat not widely different from this is being transferred 
to a polymer mole. An upper limit of 225 kcal seems 
more plausible than one of 340 kcal, but it should be 
noted that in both cases sufficient heat is released in the 
reaction with oxygen to meet all possible needs of the 
reaction. 

The third group of results cover certain technical 
developments, notably the work of Sachsse," also 
Tropsch and Egloff,"* and Schultse. Sachsse has de- 
veloped a technical process for the production of 
acetylene from methane by burning the latter in a 
high speed burner and chilling the products by a water 
spray as they emerged. This is of importance, for it 
suggests that highly unsaturated materials can be pro- 
duced in flames. It is known from work on petroleum 
cracking’ that dehydrogenation of saturated hydro- 
carbons can occur very readily in the presence of oxygen, 
and much less readily by thermal action. This indicates 
the possible mode of formation of acetylene and related 
compounds. In the absence of oxygen, relatively 
saturated polymers can be formed by direct polymeriza- 
tion of hydrocarbons. 

From our discussion of these results, we have ob- 
tained the following information: 


(a) It is very possible that large polymers are formed in hydro- 
carbon flames, and that C2 emission occurs during their breakdown. 

(b) Abnormal excitation effects can be accounted for by as- 
suming a direct reaction between C2 and oxygen. 

(c) In the presence of oxygen, polymerization of hydrocarbons 
is usually accompanied by dehydrogenation to more unsaturated 
compounds, one of which, acetylene, has been obtained in quan- 
tity by chilling flame products. 


Combining these three points, we have immediately 
the following sequence in a pre-mixed hydrocarbon 
flame. 

The hydrocarbon polymerizes with dehydrogenation 
to give an unsaturated compound which breaks down 
to give C2 (and possibly CH) radicals, which then 
react directly with oxygen to give end products. We 
shall see how this hypothesis may be used to cover the 
points mentioned in the introduction, and certain 
others. 

Carbon formation occurs in flames which are poorly 
oxygenated, and hence we should expect direct thermal 
polymerization to relatively saturated compounds, 
though in hot flames some unsaturated ones would also 
be produced. Unsaturated “monomers” such as acety- 
lene will polymerize most readily. 

Saturated chains are relatively flexible, sufficiently 
so to bend and form rings, while unsaturated chains, 
with very rigid bonds, cannot do so. Thus, in a well- 
oxygenated flame with dehydrogenation occurring, very 


11H, Sachsse, Chem. Ing. Techn. 21, 129 (1949). = 

12 A. Tropsch and G. Egloff, Ind. Eng. Chem. 27, 1063 (1935). 

13H. Schultse, Kohle und Oel 15, 193 (1939). 

4 C, Ellis, Chemistry of Petroleum Derivatives (Reinhold Pub- 
lishing Corporation, New York, 1937). 
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little saturated polymer would be formed, and hence 
there would be little carbon formation. 

It then seems likely that the continuous absorption 
noted by Wolfhard and Parker? was due to these rela- 
tively saturated polymers. The increase in intensity of 
the absorption on heating may possibly be due to for- 
mation of unsaturated polymers by a thermal process, 
for Jones'® has remarked that the tetra-acetylenes, 
CsHs, have an extremely intense U—V absorption. 

In a diffusion flame, the hydrocarbon fuel is heated 
before it comes into contact with oxygen, hence direct 
polymerization, leading ultimately to carbon forma- 
tion, is to be expected. The saturated polymers formed 
in this process are subsequently oxidized, possibly by a 
mechanism of the type suggested by Walsh.'* A small 
amount of unsaturated polymer could be formed, whose 
breakdown gives rise to the weak C, and CH emission 
noted in diffusion flames. 

The breakdown mechanism of chain polymers is 
considered in more detail in the second part of the 
paper, where it is shown that an unsaturated polymer, 
decomposing by vibrational breakdown, will do so 
much more rapidly than a saturated one. This fact 
links up with the much slower reaction rate found in 
diffusion flames, as compared to pre-mixed ones. 
Finally, the saturated polymers occurring in the diffu- 
sion flame will not give the highly unsaturated C2 and 
CH radicals on breakdown, and hence the reaction will 
not be maintained at such a high level of chemical po- 
tential as in the pre-mixed flame. 

These very exothermic reactions of C. and CH with 
oxygen produce free radicals which serve to propagate 
the flame. It may be noted that diffusion flames appear 
to be stabilized by the combustion in the base region, 
where efficient mixing gives a spectrum similar to that 
of a pre-mixed flame. 

Finally, the abnormal rotational temperatures of C; 
could be accounted for on the hypothesis that some of 
the vibrational energy of the polymer becomes con- 
verted, during breakdown, into rotational energy of 
C; molecules. It is possible that OH becomes rota- 
tionally excited during collisions of CH radicals with 
oxygen. 

Concerning the initiation of hydrocarbon combus- 
tion, it has been pointed out by Hinshelwood!” that 
the direct dissociation of oxygen requires more energy 
than any other step in a combustion chain, but the 
low bond strength of the -O—O-— link in peroxides 
(35-40 kcal) makes possible an easy reaction of the 
tydrocarbons with the oxygen. Thus in our theory it 
seems probable that the “labile” oxygen of the peroxide 
dehydrogenates the hydrocarbon in the earlier stages 
of the reaction. 


cee 


E. R. H. Jones, J. Chem. Soc., 754 (1950). 
; A. D. Walsh, Trans. Faraday Soc. 42, 269 (1946). 
C. N. Hinshelwood, Faraday Soc. Discussion, 110 (1947). 













































POLYMER FORMATION 


IN FLAMES 901 
We shal] now proceed to apply the above theory to 
some special cases. 

Gaydon and Whittingham'* noted that SO; in small 
quantities had a very striking effect on pre-mixed 
flames, producing heavy carbon formation. This result 
was all the more striking as SO, had no such effect. 
The writer has found that in strongly pre-heated flames 
(temperature >600°C) SOs; increases the intensity of 
C, emissions. It seems probable that at normal tem- 
peratures the SO; sidetracks the production of un- 
saturated compounds by reacting with the labile oxygen 
of the peroxide, and possibly with hydroxy] radicals as 
well, thus interfering with the dehydrogenation process. 
On the other hand, in the thermal reactions occurring 
in the pre-heating apparatus, the supply of oxygen 
atoms from decomposing SO; helped forward the re- 
actions leading to C, and CH emissions. 

Since the dehydrogenation-polymerization is an essen- 
tial part of the mechanism, a material which reacts with 
hydrogen more readily than molecular oxygen might be 
expected to have a significant effect. Results of 
R. A. Durie on hydrocarbon-fluorine diffusion flames 
suggest that this is so; he found strong C. and CH 
bands and reduced carbon formation. The low dis- 
sociation energy of F, (~37 kcal) and its affinity for 
hydrogen may account for this, since increased de- 
hydrogenation, as explained above, leads to increased 
C, and CH emission and decreased carbon formation. 

It has been found that cyanogen-oxygen and am- 
monia-oxygen flames give abnormal excitation of metal 
lines (unpublished work by the writer and Dr. Gaydon 
and Dr. Wolfhard, respectively). It is possible that in 
these cases unsaturated chains analogous to hydro- 
carbon chains are formed, and that they break down to 
give reactive fragments, but this suggestion is very 
tentative. 

Some experimental work by the writer on pre-heated 
flames is discussed in Paper IT in the light of this theory. 

Recapitulating, we see that we have postulated the 
building-up of an energy “peak” in highly unsaturated 
molecules. The fragments released by the breakdown of 
these molecules are at a very high chemical potential, 
and are, directly or indirectly, able to initiate a fresh 
cycle of reactions leading to the building-up of more 
unsaturated polymers. The maintenance of this high 
level of chemical potential may be an essential factor 
in the self-propagation of flames. 


t Since the original draft of this paper was completed, the writer 
has been informed by Dr. L. Brewer of California University that 
acetylene and certain even more unsaturated compounds of 
unknown structure have been obtained by passing hydrogen over 
graphite in an induction furnace, at temperatures ~3000°K. 
Dr. Brewer also remarks that available thermodynamic data in- 
dicate that highly unsaturated compounds become increasingly 
stable at high temperatures, and that dehydrogenation reactions 
are favored at temperatures >1000°K. 

18 A. G. Gaydon and G. Whittingham, Proc. Roy. Soc. (London) 
A189, 313 (1947). 
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THEORY OF CHAIN BREAKDOWN 


We shall now consider the breakdown of chain mole- 
cules in more detail, using a chemical model. Previous 
workers have postulated a random breaking of chain 
links as the initial step, this theory having been put in 
a vigorous form by Slater.!® We shall adopt a rather 
different approach. 

Consider a large chain molecule being struck by a 
smaller molecule in the high temperature region of the 
flame. If the chain molecule is not set vibrating, it 
behaves like a rigid body and communicates the energy 
acquired by collision to other molecules in the normal, 
translational way. If, however, it is set in vibration, 
much of the energy acquired is converted to internal 
vibrational energy, and dissociation of a bond may occur 
as a result of these vibrations. Considered as a chain, 
the molecule is most readily set vibrating when its 

















Fic. 1. Regions of Mathieu’s equation for various 7y values. 


“passing bands” for wave propagation along the chain 
are relatively wide. 

The collision process cannot be adequately treated 
on the classical model, and we shall try to indicate the 
nature of the real process and the approximations which 
have to be made to connect this with our model. 
Energy is transferred, in the collision, by the inter- 
action of two or more electron clouds, and hence we 
cannot speak of a definite collision point as we can 
when two hard spheres collide. The energy is com- 
municated over a variable area, possibly through a 
number of “contact surfaces” between the clouds. 

Such a chain would correspond to a mechanical 
analog of an electrical wave filter with feedback, and 
when a “passing band” is reached it will oscillate with 
increasing amplitude till a bond breaks. It is, of course, 
assumed that vibrations are propagated lengthwise 
along the chain, and an appropriate mathematical treat- 


19 N. B. Slater, Proc. Roy. Soc. (London) A194, 112 (1948). 
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ment can be applied, based on the work of Born,” 
van der Pol and Strutt,” and Brillouin.” 

We shall consider first the case of a chain of atoms 
with nearest-neighbor coupling only. The conclusions 
we can draw from this seem to indicate the qualitative 
correctness of the theory, but they are not applicable 
to the unsaturated, conjugated chains in which we are 
interested, and in which coupling extends over an in- 
terval of three or four atoms.% However, we shall first 
deal with this simple case. 

Consider a continuous medium with periodic per- 
turbation, in which waves are propagated one-dimen- 
sionally. We identify this with the electronic cloud of 
our hydrocarbon chain, the perturbations corresponding 
to the concentration of electronic material around the 
mass-centers of the atoms. Wave propagation in such 
a structure can be represented by Mathieu’s equation, 
which may be written 


0°u/de+ (n+y cos2)u=0, 


where e=Mx/d; d=distance between mass-centers of 
atoms; n= 40"d?co; y= 8v’d’c1; x= coordinate of atoms; 
u= wave function; and v=frequency. 

The constants ¢p and ¢, occur in the Fourier expansion 
of the periodic function representing the density of the 
medium. This expresses density in terms of x and is 
written 


F(x) =cotcye™® 2! + cei!) = Co+ 2c, cos’m?/4, 


The coefficient co, related to 7, corresponds to the 
density between the mass-centers (to a crude approxi- 
mation) while ¢;, related to y, is the “perturbation 
coefficient” corresponding to the density ‘humps’ 
around the atomic mass-centers. 

The result of varying 7 and y in Mathieu’s equation 
can be presented graphically as in Fig. 1, following 
Brillouin. 

Here the shaded regions correspond to imaginary 
values of u giving unattenuated waves, and the plain 
regions give attenuation, i.e., “passing” and “stopping” 
bands, respectively. It is clear that for —y<n<vy we 
have narrow transmission bands and wide absorption 
bands, but with 7>vy we have wide transmission bands 
and relatively little absorption; since y is the perturba- 
tion term. 

Physically, y, being the “perturbation,” corresponds 
in our case to the increase of electron density around 
the carbon atoms in the chain. As the chain increases it 
length, we should expect this to become increasingly 
smoothed out, till in the limit we approach the cast 
n>Y- 

Thus we should expect increased susceptibility t 
oscillation, and hence to chain breakdown, as the chai 





































20M. Born, Dynamik der Kristallgitter (Berlin, 1924). 

21 B. van der Pol and M. J. O. Strutt, Phil. Mag. 5, 18 (1928): 

2(C. A. Coulson and H. C. Longuet-Higgins, Proc. Roy. S&- 
(London) A193, 337 (1948). 

%1L. Brillouin, Wave Propagation in Periodic Structures (Mc 
Graw-Hill Book Company, Inc., New York, 1946). 
















lengtl 
are fe 
expec 
The 
tion ¢ 
satura 
dynan 
energy 
hydro 
therm: 
weight 
For 
approx 
lowing 
such a 
y=d 
Z=C 
d=d 


Tn, n+ 


The ( 
aS a Pol 


The to 
lattice j 


After ex 
U(xn4m : 
U'(md) 


@u/dr e 
going su 


UV=cons 


where th 


The fore 
P= —dl 


=—9/ 


- 


=-r 


m>0 





m 20 


oms 
sions 
tive 
“able 
> are 
1 in- 
first 


per- 
men- 
id of 
ding 
1 the 
such 
tion, 


rs of 
toms; 


nsion 
of the 
ind is 


r/d 


to the 
proxi- 
bation 
umps’ 


uation 
lowing 


ginary 
> plain 
ping” 
<y we 
yrption 
bands 
rturba- 


sponds 
around 
ases Il 
asingly 
ne case 


lity to 
e chall 


g (1928). 
Loy. Sa: 


ves (Mc 




















length increases. ‘‘Nearest-neighbor” coupled chains 
are found in saturated hydrocarbons, and we might 
expect this conclusion to apply. 

The fact that susceptibility to thermal decomposi- 
tion or “cracking” increases with chain length in the 
saturated hydrocarbons has been observed, and thermo- 
dynamically checked, thus Sachanen”® gives free 
energy changes involved in bond rupture in various 
hydrocarbon chains. His results clearly show that 
thermal stability decreases with increasing molecular 
weight, in general agreement with experiment. 

For the case of multiply coupled chains we cannot 
approximate by the use of a differential equation. Fol- 
lowing Born,” we set up the equation of motions for 
such a chain. Symbols are 




















’ 


y=displacement of rat 
«= coordinate of particles 

d= distance between adjacent particles in equilibrium ; 
Tn,n+m= distance between two particles n and n+m. 







The energy of interaction of the particles is expressed 
as a potential function depending only on distance, thus 


U(r) = U (|tnim—Xnl). 


The total potential energy of the one-dimensional 
lattice is then 


U=rv 2d U(|%n4m—%n|). 


n m>0 










After expanding in a Taylor series we have 
U(%n4m— Xn) = U(md)+ (ynim—¥n)U'(md) 
+2U"(md)(Ynim—Jn)?+**° 


U'(md) and U'’(md) are the derivatives du/dr and 
&u/dr evaluated at md. After substituting in the fore- 
going sum we get 


V=const +> > [(ynim—¥n)U' (md) 
n m>0 
+3(Yn+m—Yn)?U"" (md) ], 
where the constant is given by 


n > U(mda). 


m>0 





















The force F, acting on the pth particle is 
f= —0U/dyp= —8/dyp XX [Ontm—yn)U"(md) 
+3(Yn+m—Yn)?U" (md) | 
=~ 9/899 LX (Yn+m—Jn)U"(md) 


+3(Ypim—Yp)?U" (md) + (yp—¥p-m) U' (md) 
+3(¥p—Yp-m)?U"" (md) ] 


° “2 C- U'(md)— (yp4m— yp) U" (md) 
+U"(md)+ (¥p—Yp-m)U" (md) ] 
=2 U" (md) (yp+m+p-m— 2p). 
























































POLYMER FORMATION 





IN FLAMES 


The equation of motion is then 


F,=M@y,/de= > Um’ (Yp+m+p-m— 2yp). 
m> 


Assume a wave solution for this: 


Yo=Aetirt—esp) az A et i(vt—epd) a= 1/X. 


v is the frequency and a the wave number, so we have 


Voim— Vp-m— 2yp= A e2i(vt—apd) (e~2nimdoy e2rimda_ 2) 
= — 2y,(1—cos2ramd) = —4y, sin’xamd, 


so the solution will be correct when the condition 
eM? => tin” sin?ramd=% + tm'’(1—cos2ramd) 


is satisfied. 

The velocity of propagation of the wave is given by 
|y|/a and can be obtained by numerical solution of the 
above equation. Such a system has periodic ambiguities 
in the velocities of propagation giving real and complex 
solutions for a, as in the earlier case of the Mathieu 
equation. They correspond to the stopping and passing 
bands of a wave filter. 

Numerical values of 0?U/dr? are given by Coulson 
and Longuet-Higgins* for certain conjugated double- 
bond compounds. 

Finally we shall discuss the energy flow in such an 
oscillating chain, taken in a definite sense along the 
chain. We have to estimate the force exerted by an 
atom on all other atoms interacting with it further 
along the chain. In our notation, the force on particle n 
resulting from particle n+ p is fy, n+p. 

fn. N+p= Up’ (Wnt p—Yn), and the average energy flow 
resulting from this force is 


— (fx, n+p) In'= —% R.P.(fn, nev’) 


(R.P.=real part of, y,’=complex conjugate of y,). 
After substituting the exponential expressions for yp 
and Yn; we get 


2 R.P.(fn, np-pin) = A2U »"/2 R.P.(e-*?— 1) (iw) 
=—}3U," A’w sinkp. 
Thus we have 
(fn1, n+p)* Jq=3U,"A*w sinkp. 


There will be » terms of this type, each corresponding 
to an atom-atom interaction along the chain, so the 
total energy flow is given by the sum }°3>°”"A*wp 


P Pp 
Xsinkp and the energy velocity is a/mw >(U,’p sinkp. 


p 

This expression shows the influence of multiple inter- 
actions, represented by the summation over p terms. 
Such interactions occur in chains where there are a 
number of mobile z-electrons, in other words, a good 
deal of resonance. It is evident that the effect of the 
multiple interaction is to increase the energy flow and 
velocity in the oscillating chain. Thus maximum energy 
flow and velocity are to be obtained in a chain with 
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extensive cross interaction between atoms, as in con- 
jugated chains. 

In saturated hydrocarbon molecules, the electron 
“clouds” are concentrated in peaks around the C atoms 
to a much greater extent than is the case in unsaturated 
molecules, where the mobile z-electrons lead to a more 
uniform distribution of the “cloud” along the molecular 
axis. Assuming another molecule, considerably smaller 
than the polymer, striking the latter, energy transfer 
would take over a much greater area of polymer 
“cloud” when the cloud includes the mobile z-electrons. 

This energy will set the carbon nuclei vibrating at 
several different points on the chain. Thus with the 
unsaturated molecule we have diffuse sources of vibra- 
tional energy, in the saturated chain a relatively con- 
centrated source. As a result, the relative liability of the 
bonds to rupture, in saturated and unsaturated chains, 
depends not directly on the individual vibrational level 
differences found in the different types of bond, but 
also on a factor, apparently proportional to the relative 
degree of unsaturation of the molecule, which has the 
effect of greatly increasing the apparent vibrational 
level differences for saturated molecules, relative to 
unsaturated ones. In our treatment, using the classical 
model, we have assumed a significant difference in 
stability between singly and multiply-coupled chains. 
This effect, as we see from the above discussion, is 
not so much a direct mechanical consequence of the 
coupling as an indirect one, due to the peculiar condi- 
tions of energy transfer in the multiply-coupled 
molecule. 

The physical picture resulting from the mathematical 
discussion can be presented as follows. The highly 
unsaturated materials which we assume are formed 
may be conceived, on a mechanical model, to consist 
of particles connected by multiply-coupled springs. 
Such a chain will be made “stiffer” than a singly- 
coupled one, but will vibrate at a higher frequency. 
Hence, when the oscillations reach a large enough 
amplitude, the final breakdown of the structure, due to 
bond-breaking will be much more rapid than with a 
singly coupled chain. When the chain molecule, in a 
high temperature region, is receiving much energy by 
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collision with other molecules, if it is less readily set in 
oscillation, the stabler it will appear. The multiply 
coupled chains require more energy to set them oscil- 
lating than singly coupled ones, hence should be stabler 
with higher temperature. But, as remarked above, when 
they are set oscillating, decomposition occurs much 
more quickly. 

Our conclusions on the breakdown of the singly 
coupled polymers are in contradiction to Slater’s, as 
set out in Sec. 4 of his paper, but seem to be in better 
accord with experimental data cited by Sachanen* on 
thermal decomposition of paraffins. 

It is, perhaps, worth noting that various workers, 
particularly Jellinek®® and Melville** have shown that 
the breakdown of certain polymers in solution pro- 
ceeds not by a random breaking of bonds but by a 
step-wise breakdown along the axis of the chain. This 
is similar to the mechanism we have postulated, but it 
should be remembered that conditions in solution are 
very different from those which we are studying. It is, 
however, possible that the influence of supersonic 
vibrations on polymer breakdown, studied by Melville, 
is largely the result of small-scale cavitation in the 
fluid. The collapse of the cavities could give rise to 
locally high temperatures, and would bring about ther- 
mal decomposition by the mechanism we have described. 

The most unsatisfactory feature of the present theory 
is the lack of a criterion for determining the way in 
which energy is partitioned between rotational and 
translational modes in the free radicals released by 
vibrational breakdown of a polymer. Lacking this, we 
have to rely on the experimental evidence in this 
respect. 

The writer would like to thank Dr. A. G. Gaydon 
and Dr. H. G. Wolfhard for numerous discussions on 
the subject of this paper, and also Professor C. A. 
Coulson for a discussion on the electronic structure o 
conjugated chains. 


2% F, Sachanen, Conversion of Petroleum (New York, 1946). 

25 H. H. G. Jellinek, J. Polymer Sci. 3, 850 (1948). 

26 H. W. Mellville and A. J. Murray, Trans. Faraday Soc. 4, 
996 (1950). 
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Infrared Spectra of Some Alkyl Silanes and Siloxanes in Gaseous, 








st in 
‘ply Liquid, and Solid Phases* 
scil- I. Smon anv H. O. McManon 
vbler Arthur D. Little, Inc., Cambridge 42, Massachusetts 
— (Received January 14, 1952) 
nuc 
Infrared spectra of tetramethylsilane, hexamethylsiloxane, and several siloxanes with a different number 
ingly of substituted ethyl groups have been studied in a wave number interval from 690 to 1400 cm. The spectra 
S, as of methylated compounds have been obtained in gaseous, liquid, and solid phases, and splitting of some of 
etter the bands on transition from liquid to solid state has been observed. The strong infrared band observed at 
* approximately 1075 cm™ in the spectra of dimeric siloxanes is classified as a bond-stretching vibration of 
On the oxygen bound to two silicons. 
kers, 
re INTRODUCTION prism. Transmission spectra of vapors were obtained 
by a N connection with an investigation of infrared spectra US'S @ 10-cm absorption cell with rocksalt windows. 
This of silica and silicate glasses,! it was of interest to The pressure in the cell wer varied depending on the 
but it § study several organosilicon compounds with the aim absolute strength of absorption in ——— compounds 
n are [f of establishing the relationship between the silicon- 224 also with a given compound in order to achieve 
It is, } oxygen vibrations in the latter class of compounds and # suitable resolution of the eg bands. Transmission 
rsonic § insilica. It has already been suggested? that the absorp- of liquid samples — measured in rocksalt cells with 
ville, § tion band observed at approximately 1075 cm= in 5P@Cers 0.001 inch thick. The spectra of some liquids 
n the § polysiloxanes** corresponds to the prominent band ob- and of both solid samples wore obtained by means of the 
ise to § served at approximately 1100 cm™ in all forms of silica, — techniques described in a previous publica- 
t ther- SiO». This appears to be borne out in the present ex- : 7 , 
ribed. periments. At the same time it was Poe that a _ The solid samples have been obtained by condensa- 
theory § study of spectral changes accompanying condensation rt hte, co ‘tte ergy eye dimrmg tn es ny 
vay in § from the gaseous to the solid phase could be performed oe hae ( 18. ). ; dies pe Up & sumceontly 
1 and & More conveniently with the organosilicon compounds rey ae ad + 1 peered vec . agp samme 
i'n with sea; however, the amount of information i Dats hich wa facing he eam of vapor a 
Lis, we obtained in this way is rather limited because of the anstiahaihl daliediaais eieeciliinet Sex Whine sagaiaias Meciad. li 
Ob difference in the type of bond in the crystals of organo- - : ae ; b ; 
silanes on one hand, and in the crystals or glasses of V@CUUm Space was COREEMOMRY CVACHRIOS Uy MORES 
. silica on the other. Finally, it seemed possible that some of a diffusion — As a varmatson of the technique, 
say don of the results obtained might contribute to the problem * separate cell with a r ocksalt window we attached “0 7 
ons 0" & of assignment of vibrations in tetramethylsilane, which the bottom of the cooling pot and the liquid sample 
C. AB gay controversial * could be introduced into it through a stainless steel 
ture of capillary from outside, without breaking the vacuum. 
EXPERIMENTAL TECHNIQUES The reflection method is generally less sensitive in 
- The following compounds have been investigated : int 
tetramethylsilane, hexamethyldisiloxane, hexaethyldi- | 
Soc. 4, § Siloxane, triethylsiloxane, triethoxyethylsilane, and Er 
ethylorthosilicate. All samples, with the exception of 2 Oy 


triethoxyethylsilane, were commercial compounds of the 
purified grade (95 to 99 percent purity). The latter com- 
pound was prepared in the laboratories of Arthur D. 
Little, Inc. Fic. 1. Sample 


The spectra were recorded with a Perkin-Elmer minarad _ oo ie 


spectrometer, Model 12B, equipped with a rocksalt _ red reflection cell. 
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*N. Wright and M. J. Hunter, J. Am. Chem. Soc. 69, 803 (1947). CONDENSED 
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Fic. 2. Infrared spectra of tetramethylsilane in 
vapor, liquid, and solid phases. 


revealing the weaker bands, in particular in liquids. 
Therefore, only the strongest bands stand out in the 
spectrum (see Figs. 2 and 3). 

The positions of the bands are accurate to +2 cm™. 
The slit widths indicated in the figures were sufficient 
to resolve the fine structure and splitting in some of the 
bands in the solid state. 


RESULTS AND DISCUSSIONS 


The transmission and reflection spectra of tetra- 
methylsilane in all three phases are presented in Fig. 2. 
The band at approximately 870 cm~ is obviously the 
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Fic. 3. Infrared spectra of hexamethyldisiloxane in 
vapor, liquid, and solid phases. 
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most powerful band in this region. It has been assigned 
by Rank, Saksena, and Shull® as a combination of two 
skeletal vibrational modes, namely, »:(e) at 199 cm“ 
and v2(f2) at 694 cm. However, the actually observed 
frequency (862 cm™ in Raman spectra and 870 cm 
in the infrared) does not agree very well with the indi- 
cated combination frequency (893 cm™). A CH; 
wagging (F2 fundamental) as proposed by Sheppard, 
Simpson, and Sutherland,® or CH; rocking vibration 
as proposed by Young, Kohler, and McKinney,’ ap- 
pears to be a more likely assignment. Both proposed 
types of vibration are doubly degenerate. In the solid 
state (Fig. 2d), the band at 870 cm™ exhibits a splitting 
in two bands at 852 and 880 cm™, which may be caused 
by the anisotropic crystalline field. The vibrations of 
the methyl groups are apparently more susceptible to 
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Fic. 4. Infrared spectra of several alkyl silanes. 







the perturbing field than the skeletal vibrations involv- 
ing variations of the Si—C bonds. However, more de- 
tailed study by means of polarized radiation using single 
crystals would be required to substantiate the suggested 
explanation. A complete analysis is also hampered by 
the lack of information concerning the actual structure 
of the crystallographic unit cell. 

The band at 693 cm™ is with all probability a C—Si 
skeletal mode. The absence of splitting in the solid 
state can be explained by the more complete shielding 
of the C—Si bonds against the external field. 

The third prominent band, observed at approxi 
mately 1255 cm™, can probably be assigned as a sy 
metric deformation mode of the CH; group.° 


















7 Young, Kohler, and McKinney, J. Am. Chem. Soc. 69, 1410 
(1947). 
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ALKYL SILANE AND 


On transition to a corresponding siloxane compound 
(hexamethyldisiloxane, Fig. 3), the most conspicuous 
change in the spectrum is the addition of another strong 
band at 1076 cm~ (in vapor phase). The same strong 
band is observed in hexaethyldisiloxane (Fig. 4b) at 
1075 cm-, and it has been also reported previously in a 
whole series of siloxanes and their polymers.** We have 
attempted to demonstrate that this particular band 
originates in a vibration of the Si—- O—Si-type, and that 
the corresponding frequency should be nearly the same 
as that for all crystalline and amorphous forms by 
silica, SiOz. This is borne out by the series of spectra 
of organosilicon compounds containing Si—O bonds but 
no Si-O—Si bonds (Fig. 4c, d, e). Although the 1075 
cm! band does not appear with any appreciable in- 
tensity in any of the ethoxy compounds studied here, a 
whole cluster of bands persists between 1055 and 1120 
cm~!, This can be understood considering the fact that 
the Si-O and C—O bonds give rise to vibrations of 


SILOXANE SPECTRA 907 
approximately the same frequency.® Therefore, the sub- 
stitution of carbon for silicon leads only to a relatively 
slight modification of the spectra. 

An attempt to assign other bands observed in the 
compounds studied here would require more complete 
data over a wider frequency range and also in Raman 
spectra. This, however, would lie outside the scope of 
this investigation. 
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A method has been developed for measuring the partial pressure 
of methyl radicals in thermally decomposing gases, using a modi- 
fied mass spectrometer. The sensitivity of the instrument to 
methyl radicals has been determined by decomposing known 
quantities of mercury dimethy] and di-t-buty] peroxide in a stream 
of carrier gas and measuring the amounts of the stable products 
and the net height of the mass 15 peak after correction for con- 
tributions from these stable products. Assuming a 100 percent 
carbon balance, the sensitivity of the instrument to methy] radicals 
was found to be 0.47-0.07 of the sensitivity to methane under the 
conditions used. With the present instrument this means that an 
ion current of 3X 10- ampere at mass 15 (a peak 1 cm in height) 


I. INTRODUCTION 


URING the last few years several investigators 
have used the mass spectrometer to identify and 
study free radicals present in gaseous reactions. Hipple 
and Stevenson! used the mass spectrometer to measure 
the ionization potential of CH; produced by the ther- 
mal decomposition of Pb(CH3)4. In a more recent 
paper Eltenton? has shown that the mass spectrometer 
can be used to detect free radicals formed in many 
thermal decomposition and combustion reactions. 
Robertson,® using a mass spectrometer of low resolving 
CC 
*N.R.C. Contribution No. 2715. 
t National Research Council Postdoctorate Fellow. 
'J. A. Hipple and D. P. Stevenson, Phys. Rev. 63, 121 (1943). 
*G. C. Eltenton, J. Chem. Phys. 15, 455 (1947). 


1949) J. B. Robertson, Proc. Roy. Soc. (London) A199, 394 


is given by a partial pressure of methyl of 0.02 micron Hg above 
the leak in the reactor. The rate constants for the decomposition 
of di-t-butyl peroxide have been measured with this instrument. 
Combining the values obtained with values from the literature 
yields a value of E=38 kcal/mole and a frequency factor of 7 X 10". 

The rate of decomposition of mercury dimethyl was found to be 
dependent on the pressure of carrier gas in the reactor in the range 
from 5 to 20 mm. An estimate of the collision efficiency for the 
recombination of methyl radicals has been made using the partial 
pressures of methyl radicals measured by the method presented. 
At 850°C this value of the collision efficiency is 2-3 107. 


power and high sensitivity, was able to detect free 
methyl and ethyl radicals in the pyrolysis of hydro- 
carbons on a hot filament. In all these cases the investi- 
gators used ionizing electrons having energies above 
the ionization potential of the free radical being studied 
but below the appearance potential of the ionized radi- 
cal from the parent molecule. In this manner they were 
able to distinguish between radicals formed in a chemi- 
cal reaction and subsequently ionized, and ionized 
fragments formed from stable molecules by electron 
impact in the mass spectrometer. 

Although the general method outlined above serves 
as a means of detecting and identifying free radicals, 
it is of limited use in the quantitative determination of 
free radical concentrations. Since little is known about 
ionization probabilities at low electron energies, the 
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absolute concentration of radicals cannot be calculated 
from a knowledge of the electron voltage and the ioniz- 
ing current only. For the stable products of a reaction 
it is possible to calibrate the mass spectrometer by com- 
paring the peak heights produced in a given reaction 
with those produced in a separate experiment by known 
partial pressures of the products, but this method cannot 
be used for radicals. Also, at low electron energies the 
sensitivityt is low and, as a result of the shape of the 
ionization efficiency curve, varies rapidly with the elec- 
tron energy. Thus small fluctuations in the electron 
accelerating potential or its associated contact poten- 
tials cause relatively large changes in the sensitivity. 
In the present work some of these difficulties have 
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Fic. 1. Arrangement of reactor and ion source. 


been avoided by using ionizing electrons having energies 
of about 50 volts as is customary for the usual gas 
analysis. Under these conditions much higher sensitivi- 
ties are obtained, and the sensitivities are nearly inde- 
pendent of small changes in the electron energy. How- 
ever, with 50-volt electrons the peak occurring at the 
mass number of the free radical will include relatively 
large contributions from fragments formed by electron 
impact from the stable molecules present. If, for ex- 
ample, measurements are being made on a stream of 
thermally decomposing mercury dimethyl, the peak at 
mass 15 will include contributions from CH3, Hg(CHs)s, 


t The sensitivity of any gas may be defined as the ratio of the 
peak height of the parent molecular ion to the partial pressure on 
the high pressure side of the leak. 
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CH,, C2He, and other possible products. Contributions 
from these molecules can be calculated from their mass 
spectra measured under corresponding conditions and 
subtracted from the total peak height. In this manner 
a net peak height due to a given radical can be ob- 
tained. From a knowledge of the amount of reactant 
decomposed and the amounts of stable products pres- 
ent in a stream of decomposing gas, the concentration 
of radicals can be calculated by assuming a 100 percent 
material balance. If we have the net peak height due to 
a radical and its partial pressure, the sensitivity of 
the radical can then be obtained. This value can be 
expressed relative to the sensitivity of some stable gas 
of nearly the same molecular weight and can then be 
used to measure the partial pressure of this radical in 
other reacting systems. In this work the sensitivity of 
methyl radicals has been determined using thermally 
decomposing mercury dimethyl and di-tertiary-buty] 
peroxide as sources of methyl. 


Il, EXPERIMENTAL 


The arrangement of the reactor and mass spec- 
trometer used is shown in Fig. 1. The reactor was made 
of quartz, and the gas stream came in contact with the 
metal walls only after having passed over the leak. The 
reactor consisted of two concentric quartz tubes sealed 
together at the bottom as shown. The gas stream passed 
down the center tube and was pumped away through the 
annular space between the reactor and the stainless 
steel cooling jacket. 

The heating element was placed in the space be- 
tween the two quartz tubes. It was made from Chromel 
A ribbon 1} in. wide and 0.0015 in. thick. A length of 
ribbon was cut as shown in Fig. 2 and rolled in thin 
sheet mica around a form slightly larger than the out- 
side diameter of the inner piece of quartz tubing. A 
platinum-platinum-rhodium thermocouple was rolled in 
between the layers of mica, and a second furnace of the 
same type but of a different length was added. This 
assembly was slipped inside a piece of thin walled 
quartz tubing which prevented the mica from unrolling, 
and the form was removed. Leads were spot welded to 
the ends of the ribbon elements and the whole assembly 
was lowered into the annular space between the quartz 
walls of the reactor. In this manner it was possible to 
get two furnaces of any desired length, together with 
one or two thermocouples, into an annular space about 
2 mm in thickness. The element provided uniform heat- 
ing and produced no disturbing magnetic field. Current 
was supplied to the heating element from an adjustable 
autotransformer operated from a 115-volt supply regu: 
lated by a Sorenson voltage regulator. In this mannet 
temperatures up to 1000°C could be obtained rapidly 
and maintained constant to within +1°C over a period 
of half an hour. 

The leak was made in a quartz thimble whose tip 
was blown out to a thickness of 10-20 microns. Tht 
open end of the thimble was thickened and ground fat 
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to facilitate cementing it in place. By means of a pair 
of sharp metal points and a high frequency Tesla coil, 
a hole was sparked through the thin tip. The holes 
initially produced in this way were circular and about 
15-20 microns in diameter. By adjusting the coil to 
give a very hot arc through the hole already produced, 
it could be enlarged to any diameter up to about 100 
microns. At every stage the holes appeared to be almost 
perfectly circular and the edges fire-polished. Leaks 
used in this work had diameters between 30 and 50 
microns. A leak of this type was mounted with the tip 
projecting into the hot zone of the furnace, eliminating 
any marked cool zone above the leak. The distance from 
the leak to the electron beam was 1.5 cm. By this ar- 
rangement the major portion of the distance from the 
hot zone to the electron beam was traversed under 
conditions of low pressure with few collisions. 

The mass spectrometer was of the 90° sector type; 
the radius of curvature of the ion path was 15.0 cm. 
The ion source was of the type described by Nier* 
using a drawing-out potential. A modification was made 
in order to decrease the number of radicals formed by 
thermal dissociation on the ion source filament which 
could subsequently diffuse back into the ionizing cham- 
ber. This was done by enclosing the filament chamber 
completely except for a number of small holes in the 
plate forming the bottom of the chamber. A number of 
corresponding but larger holes was made in each suc- 
ceeding plate down the stack, forming a pumping path 
which ended in the analyzing tube. Each plate of the 
source was spaced from its neighbors by a single cylin- 
drical glass ring ground to the required height, and of a 
diameter just enough smaller than the diameter of the 
plate to allow room for the four assembling screws. In 
this manner the filament chamber could be pumped out 
directly and maintained at a pressure lower than that 
of the ionizing chamber itself. The slit sizes were chosen 
to give a mass resolution of 1 in 100. Magnetic scanning 
and pen recording were used. An ion current at the 
collector of 3X10~ amp gave a deflection of 1 cm on 
the most sensitive range of the pen recorder. The elec- 
tronic controls of the mass spectrometer were similar 
to those described by Thode.*® 


Materials 


The mercury dimethyl used was made by Dr. L. C. 
Leitch of the Applied Chemistry Division of the Na- 
tional Research Council. It was fractionated in a good 
column and degassed at dry ice temperature before 
using. The di-tertiary-butyl peroxide was obtained from 
A.D. MacKay, New York. The helium used as a carrier 
gas was of 99.8 percent purity or better and was further 
purified by passing it through a charcoal trap immersed 
in liquid nitrogen. The oxygen content was reduced to 
less than 0.005 percent by this means. 


*A.O. C. Nier, Rev. Sci. Instr. 18, 398 (1947). 
*Graham, Harkness, and Thode, J. Sci. Instr. 24, 119 (1947). 


Fic. 2. Method of cutting 
chromel ribbon to form 
furnace element. 
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The Flow System 


In order to measure accurately the amount of de- 
composition it was necessary to have a source of the 
reactant which could be maintained at a constant 
pressure for several hours. A small sample of the re- 
actant was held at constant temperature in a freezing 
bath of a substance at whose melting point the re- 
actant had a vapor pressure of 40-60 mm. The flow of 
reactant and of helium to a mixing chamber were sepa- 
rately regulated by metal needle valves. Pressures up to 
20 mm of carrier gas containing the desired amount of 
reactant could be maintained in the furnace in this way 
for several hours with only a slow drift in the partial 
pressure of reactant. These changes could be allowed 
for to a good approximation by a linear time correction. 
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. 3. Typical curves obtained for the temperature 
coefficient of sensitivity. 








TABLE I. Methyl sensitivity values at different 
degrees of decomposition. 








% decomposition of 





T°C mercury dimethyl SCH:/SCHs 
611 1.8 0.46 
650 7.1 0.68 
696 22.3 0.71 
850 95.7 0.66 
810 87.8 0.66 
677 15.1 0.62 
630 5.3 0.46 








Method of Operation 


A flow of carrier gas with the desired amount of 
mercury dimethyl was set up as described above. When 
the pressures had become constant as shown by the 
peak heights, a mass spectrum was obtained. The fur- 
nace temperature was then raised in steps and a spec- 
trum was recorded for each temperature. At sufficiently 
high temperatures the spectrum of the mercury dimethyl 
disappeared, indicating complete decomposition. The 
mass spectrum then consisted of the spectra of ethane 
and methane. After subtraction of the known spectra 
of ethane and methane, obtained under the same con- 
ditions, a considerable peak was left at mass 15. That 
this peak was a result of methyl radicals was shown by 
the absence of any other peaks of mass higher than 15 
after subtraction of the ethane and methane spectra and 
further by the persistence of a portion of the mass 15 
peak after reducing the electron energy below that re- 
quired to form CH;* from CH, or C2He. After it had 
been shown that products other than ethane, methane, 
and methyl were absent, it was sufficient to measure 
only the peaks at masses 232, 30, 16, and 15 to make 
an analysis. 

Calibrations of the relative sensitivities of mercury 
dimethyl, ethane, and methane were made by mixing 
these gases in known proportions and flowing them 
with helium through the furnace at fixed temperatures 
below the decomposition temperature of mercury di- 
methyl. These relative sensitivities were then related 


TABLE II. Carbon balance. 


F. P. LOSSING AND A. W. TICKNER 


to the actual pressures by obtaining the sensitivity of 
ethane at a known partial pressure in a suitable pres- 
sure of helium. 

The analysis of the reactant and products was com- 
plicated by a number of factors. The most important 
of these was the large temperature coefficient of the 
sensitivity. Under the flow conditions used, the sensi- 
tivity decreased with temperature reaching a value at 
800°C which was about half of its value at 175°C. The 
major part of this effect was undoubtedly due to the 
increase in viscosity of the carrier gas and the conse- 
quent change in the rate of flow through the leak. In 
addition, however, the decrease was larger for admixed 
gases of higher molecular weight. In order to allow for 
this factor, the temperature coefficients of the sensi- 
tivities of the stable products were measured in a 
separate experiment carried out under corresponding 
conditions of temperature and pressure. In the case of 
mercury dimethyl and di-tert-butyl peroxide, the co- 
efficient could not be measured over the whole range of 
temperature due to decomposition at the higher tem- 
peratures. For these temperatures the coefficients were 
estimated by extrapolation of the low temperature por- 
tions of the curves. The extrapolation constituted one 
of the largest sources of error, although a plot of peak 
height at any temperature against 1/7 was almost 
linear. Typical temperature coefficient curves for CH, 
C2He, and mercury dimethy] are shown in Fig. 3. The 
solid portion of the curve for mercury dimethyl] shows 
the value of the peak height measured at any tempera- 
ture, the dotted extrapolation of the shoulder of the 
curve shows the value used for the temperature coeft- 
cient of sensitivity at the higher temperatures. The 
rapid drop in the solid line shows the extent of de- 
composition. The temperature coefficient of the sensi- 
tivity of methyl radicals could not be measured, so it 
was assumed to be the same as that of methane which 
is of nearly the same molecular weight. 

Another source of difficulty in the analysis was the 
change in the cracking patterns of reactants and prod- 


















































Sum of C2He 










Hg(CHs)2 press Pressure of products Carbon 

ina (microns) Percent (microns) RCH: ° balance 

(°C) Initial Remaining decomp. C:He CHa CHs remaining (percent) 
617 8.15 7.86 3.6 0.055 0.032 0.071 7.96 97.7 
650 8.12 7.37 9.2 0.172 0.107 0.70 7.99 98.4 
692 8.10 6.39 21.1 0.579 0.272 1.87 8.05 99.4 
850 8.06 0.35 95.8 3.46 1.13 7.59 8.18 101.5 
805 8.03 1.10 86.2 3.17 0.979 6.41 7.97 99.3 
672 8.01 6.95 13.2 0.335 0.204 1.42 8.10 101.1 
634 7.99 7.61 4.7 0.112 0.081 0.49 8.01 100.3 
611 14.23 13.98 1.8 0.097 0.049 0.18 14.19 99.7 
650 14.18 13.17 7.1 0.407 0.185 1.05 14.20 100.1 
696 14.11 10.96 22.3 1.59 0.504 2.80 14.20 100.6 
850 14.04 0.60 95.7 8.15 1.83 8.70 14.02 100.0 
810 13.99 1.71 87.8 7.38 1.62 8.15 13.98 100.0 
677 13.89 11.80 15.1 0.833 0.330 2.06 13.83 99.6 
630 13.81 13.08 5.3 0.186 0.089 0.71 13.66 98.9 
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ucts with temperature and with pressure of carrier gas. 
Although the change in the patterns for methane and 
ethane was small, the ratio of the mass 15 to mass 232 
peaks of mercury dimethyl varied by several percent 
over the temperature range employed. This effect was 
allowed for by calibration in a separate experiment. 

The contact time in the furnace as a function of 
pressure was measured by measuring the time required 
for the flow of a known volume of helium. This contact 
time was then corrected to any required furnace tem- 
perature. With the pumping speeds used in most of the 
experiments, the contact time varied from 0.0014 sec 
at 6-mm pressure to 0.0010 sec at 20-mm pressure at 
1000°K. 


Ill. RESULTS AND DISCUSSION 
(A) Sensitivity of Methyl 


In Table I is shown the variation in the sensitivity 
of methyl radicals (expressed relative to that of meth- 
ane) obtained at different amounts of decomposition 
assuming 100 percent carbon balance. It can be seen 
that at the higher temperatures where the amount of 
methyl was comparatively large, the sensitivity value 
became fairly constant. At lower temperatures the 
portion of the mass 15 peak which was assigned to the 
methyl radical was such a small fraction of the whole 
that considerable error in the estimation was found. If 
an average of the values of the methyl sensitivity at 
the two or three highest temperatures was used to 
calculate a carbon balance over the whole temperature 
range, carbon balances such as those shown in Table IT 
were obtained. Partial pressures in this table are all 
corrected to 175°C which was adopted as a reference 
temperature throughout the work. Since the value for 
the calculated carbon balance remains quite close to 
100 percent over a comparatively wide range of methyl 
radical concentrations, it can be assumed that the 
value of the methyl] sensitivity must be of the proper 
order. It is interesting to compare these carbon bal- 
ances with those in Table III which were obtained 
under conditions such that the flow through the fur- 
nace was slow enough so that no methyl radicals were 


_ found, the only products being methane and ethane. 


A number of values of the sensitivity ratio of methyl 


TABLE III. Carbon balance in absence of methyl. 








% recovery 


% decomposition of 
of carbon 


mercury dimethyl 


TABLE IV. Values of sensitivity ratio obtained. 








Max par- 
Helium tial press 


= of CH; 
mm) (u) 
mercury dimethyl 5.6 
mercury dimethyl : 
mercury dimethyl 
mercury dimethyl 

2-162 A mercury dimethyl 

2-162 B mercury dimethyl 

3-5 mercury dimethyl 

3-10 mercury dimethyl 

3-17 mercury dimethyl 

3-17 B mercury dimethyl 

3-27 mercury dimethyl 
mercury dimethyl 
mercury dimethyl 
mercury dimethyl 
mercury dimethyl 
mercury dimethyl 
mercury dimethyl 
mercury dimethyl 
mercury dimethyl 
mercury dimethyl 


Expt No 


2-115A 
2-115 B 
2-127 A 
2-127 B 


Source of CHs Scu,/ScuH, 
0.43 
0.39 
0.40 
0.36 
0.48 
0.41 
0.60 
0.54 
0.46 
0.34 
0.38 
0.55 
0.50 
0.53 
0.60 
0.66 
0.45 
0.49 
0.43 
0.43 


0.47+0.07 
0.32 
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to methane obtained over a period of several months is 
given in Table IV. One value obtained using di- 
tertiary-butyl peroxide as a source of methyl is some- 
what lower than the average of the values from mer- 
cury dimethyl decomposition but is not appreciably 
lower than some of the individual values. No systematic 
variation of the sensitivity with total pressure or with 
partial pressure of methyl can be seen. It appears from 
the foregoing that the ratio of the sensitivity of methyl 
to that of methane may be assigned an average value 
of 0.47+0.07. This result is expressed as a ratio because 
the actual sensitivity depends on instrumental factors. 
The ratio, however, should be independent of these 
factors, except for possible recombination or reaction 
of methyl on the low pressure side of the leak. With 
the present instrument this relation means that a peak 
height of 1 cm at mass 15 (3X10~- amp ion current) 
is given by a partial pressure of methyl of 0.02 microns 
in the reactor just above the leak. The smallest partial 
pressure of methyl which could be measured with any 
certainty depended on the size of the contributions to 
mass 15 of other materials present. Owing to the 


TABLE V. Decomposition rate of di-t-butyl peroxide 
at different pressures of helium. 








0.0 - 100 
22.9 
48.1 





k (sec™) at following total pressures (mm) 
5.5 8.0 12.5 


8.6 : 7. 
15.8 . 4. 
27.6 ‘ 5. 
48.4 . 46. 
78.5 80. 
135 139 
208 216 
310 335 




















difficulty of measuring and maintaining constant the 
cracking patterns of the stable materials present; the 
uncertainty in the measurement of the portion of the 
mass 15 peak due to methy] corresponded to a partial 
pressure of about 0.1 micron. 


(B) The Decomposition of Di-f-butyl Peroxide 


The rate of decomposition of di-/-butyl peroxide was 
obtained by passing a small partial pressure (ca 2 
microns) of the peroxide through the reactor in a stream 
of helium at pressures ranging from 5.5 mm to 12.5 
mm. The partial pressure of peroxide remaining in the 
stream above the leak at any temperature could be 
determined continuously from the height of the parent 
peak. After correction for the temperature coefficient 
of the sensitivity these values were used to calculate 
the first-order decomposition rate as a function of tem- 
perature. Since these values are calculated from the 
amount of peroxide remaining and not from the amount 
of products formed, they are not dependent on the 
relative amounts of ethane and methane formed. The 
values of k obtained are given in Table V. It can be 
seen that k is independent of total pressure over this 
range within the error of measurement. 

A plot of logk vs 1/T shows a slight falling off from 
linearity at the higher temperatures, particularly at 
350°C where the decomposition was about 75 percent 
complete. The best line through these points gives 
E=37 kcal. 
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Fic. 4. Decomposition of di-t-butyl peroxide, 
comparison of & values. 
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TABLE VI. Rate constants for di-t-butyl peroxide. 








Frequency factor 
E (sec“1) 





Vaughan ef al. 39.1 3.2 X10'* 

Szwarc et al. 36 4-7X 10" 

This work 37 ee 

Composite 38 7X 10% 
(from Fig. 4) 








A comparison of these k values with those of Vaughan‘® 
and Szwarc’ as given in Fig. 4 shows that general agree- 
ment exists in the value of the activation energy. In 
addiiuon, by combining the sets of data from Fig. 4, it is 
possible to obtain values of the activation energy of 
decomposition and the frequency factor which should 
be fairly reliable as a result of the very large range of 
temperature covered. A summary of the results is given 
in Table VI. Unfortunately it proved to be impossible 
to obtain a value for the activation energy of the de- 
composition by measuring the temperature coefficient 
of the concentration of methyl radicals since at low 
amounts of decomposition the errors in the determina- 
tion of the methyl decomposition were large, and at 
higher amounts of decomposition the subsequent re- 
action of methyl to give ethane accounted for a large 
fraction of the radicals. 

A considerably larger amount of ethane was formed 
from a given concentration of methyl radicals in de- 
composing di-/-butyl peroxide than was found in de- 
composing mercury dimethyl. This is shown in Table 
VII (a) and (b). Although the concentration of methyl 
is over twice as great in (b) as in (a), the amount of 
ethane formed in (a) is considerably greater. This 
suggests either that ethane is being produced not only 


TaBLE VII. Comparison of products from di-t-butyl peroxide 
and from mercury dimethyl. 








(a) Di-t-butyl peroxide 


Pressure of products 


Peroxide Peroxide 





i om- (microns) 
r(°c) ‘Teactoe a i CsHe CHe CH 
300 2.07 1.78 14.0 0.095 0.019 0.43 
344 2.412 0.71 66.5 0.879 0.070 1.21 
396 2.20 0.018 99.1 1.48 0.130 = 1.35 
506 2.25 0.00 100 1.25 0.162 1.51 
453 2.29 0.00 100 1.42 0.142 1.37 
318 7.34 1.64 30.8 0.337. 0.047 0.96 












(b) Mercury dimethyl 


Pressure of products 


Dimethyl Dimethyl 





i m- (microns) 

T (°C) ‘Seactor —— — C:He CHs CH 
651 ae 2.52 9.3 0.041 0.036 0.17 
698 2.79 2.15 23.3 0.149 0.113 0.75 
850 2.81 0.08 97.1 0.776 0.483 3.34 
803 2.83 0.41 85.6 0.686 0.413 3.08 
671 2.83 2.47 13.2 0.084 0.080 0.39 








6 Raley, Rust, and Vaughan, J. Am. Chem. Soc. 70, 88 (1948). 
7 Marawski, Roberts, and Szwarc, J. Chem. Phys. 19, 6% 
(1951). 
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TaBLe VIII. Effect of helium pressure on & for 
mercury dimethyl. 








Helium pressure k (sec!) at 700°C 





5.0 66 
10.0 * 119 
15.5 128 
20.0 130 








by recombination but to a considerable extent by 


CH;+ (CHs) sCOOC(CH;)s> 
C2He+(CH3)2COOC(CHs3)3 (1) 


or 
CH;+CH;COCH;—C:He+ COCH; (2) 


or that acetone or the peroxide is an extremely efficient 
third body for ethane recombination. If the latter can 
be ruled out, then at least one of the above reactions is 
much faster than 


CH;+ Hg(CH3)2—-C2Hs+ HgCH; (3) 


even without allowing for the difference in temperature 
in the two cases. 

The production of the small amount of methane can 
be considered as occurring by hydrogen abstraction from 
acetone or from the peroxide,*®’? but the results pre- 
sented here throw no further light on the fate of the 
resulting heavy radicals. 


(C) The Decomposition of Mercury Dimethyl 


Values of the first-order rate constant for the de- 
composition of mercury dimethy] in a stream of helium 
were measured as described above for di-t-butyl per- 
oxide. In this case a very marked falling off in the rate 
constant at low helium pressures was found as can be 
seen from the values in Table VIII. 

This effect may possibly be due to the fewer degrees 
of freedom of mercury dimethyl as compared to the 
peroxide. The values of the activation energy of the 
decomposition were practically unaffected by the total 
pressure over the range 10-20 mm. The values of k 
were almost independent of the partial pressure of 
mercury dimethyl as is shown by Fig. 5. This line gives 
a value of 42 kcal/mole for the activation energy of the 
decomposition. The relation between the formation of 
products and the increasing amount of decomposition 
of mercury dimethyl at higher temperatures is shown in 
Fig. 6. The falling off of the ethane curve at the highest 
temperature is probably the result of a small amount 
of decomposition. The effect of varying the initial 
mercury dimethyl concentration on the formation of 
products at 5 percent decomposition is shown in Fig. 7. 
Similar curves at 10 percent and 15 percent decomposi- 
tion had the same form. 

A search for the HgCH; radical gave negative results, 
and it is to be expected that this radical would have a 
very short life at these temperatures. 


The production of the small amount of methane may 
be explained as hydrogen abstraction by methyl ac- 
cording to the scheme of Saunders and Taylor® 


CH;+HgCH;—-CH,.+ HgCH: (4) 
or more possibly 
CH;+ Hg(CH3)2—>CH.+ HgC.H; (5) 


as suggested by Cunningham and Taylor.’ In neither 
case was any evidence for the existence or fate of the 
heavier radical found. Since the amount of methane 
produced was small, any error in the carbon balance 
caused by loss of carbon in such radicals would be a 
minor one. 


(D) The Rate of Recombination of 
Methyl Radicals 


If it is assumed that all the ethane formed in the 
decomposition of mercury dimethy] arises from methyl 
recombination, it is possible to make a rough calcula- 
tion of the rate of recombination of methyl radicals. 
For this calculation it has been assumed that almost all 
the mercury dimethyl is decomposed in the first 3 cm 
of the furnace. This appears to be reasonable at 850°C 
with the flow rates used. The collision number for 
methyl-methy] collisions has been assumed to be that 
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Fic. 5. Decomposition of mercury dimethyl at partial pressures of 
dimethyl] of 2.8 and 8.1 microns. 





( 8K. W. Saunders and H. A. Taylor, J. Chem. Phys. 9, 619 
1941). 
9 J. P. Cunningham and H. S. Taylor, J. Chem. Phys. 6, 359 
1938). 
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PERCENT DECOMPOSITION OF MERCURY DIMETHYL 


Fic. 6. Products of decomposition of mercury dimethyl 
as a function of percent decomposition. 


corresponding to the methyl] concentration just above 
the leak, since the concentration gradients of CH; and 
C2H¢ along the furnace are not known. Errors in either 
of these latter assumptions could change the answer 
by a factor of two or three, so the values of collision 
efficiency should be considered as order of magnitude 
values only. The requisite data and the calculated 
collision efficiency for recombination are given in 
Table IX for different values of the methyl radical 
concentration. It can be seen that over the range of 
methyl radical concentration studied, the collision 
efficiency is reasonably constant. The value obtained is 
smaller than that of about unity obtained by Gomer'® 
and larger than that of 5X10-* estimated by Marcus 
and Steacie” and 4.4X10-* obtained by Miller and 
Steacie” which is based on the collision efficiency of 
NO+CHz; as measured by Forsyth.” However, the 
value obtained in the present work is in fair agreement 
with a recent value of 0.01 obtained by Durham and 
Steacie.“ If this agreement can be considered to have 
10R. Gomer, J. Chem. Phys. 18, 998 (1950). 

198) A. Marcus and E. W. R. Steacie, Z. Naturforsch. 4a, 332 
iad. M. Miller and E. W. R. Steacie, J. Chem. Phys. 19, 73 
' oy S. A. Forsyth, Trans. Faraday Soc. 37, 312 (1941). 


ee R. W. Durham and E. W. R. Steacie, to appear in J. Chem. 
ys. 
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any significance, it would support the view that the 
activation energy for recombination of methyls is small 
or zero, since the values in Table [X were obtained at 
temperatures several hundred degrees higher than those 
employed by Gomer and by Durham and Steacie. 


TABLE IX. The collision efficiency of methyl recombination at 
850°C (helium pressure 15.5 mm, contact time 9.2 10~ sec). 




















Partial pressures Fraction of No of collisions 

at furnace exit radicals of one methyl Collision 

(microns) reacting in contact efficiency 
CH; C2He (%) time X10? 
8.70 8.15 65.2 23.6 2.8 
8.53 4.26 50.0 23.1 pe 
7.59 3.46 47.6 20.5 2.3 
4.42 1.71 43.6 11.9 3.7 
3.34 0.78 31.7 9.1 3.5 
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Note on Diffusion-Controlled Reactions 


VOLUME 20, NUMBER 5 MAY, 1952 





A. T. REem* 
Committee on Mathematical Biology, University of Chicago, Chicago, Illinois 
(Received February 12, 1952) 


Two diffusion problems arising in an application of the Smoluchowski collision theory of reaction rates 
in solutions are considered. The diffusion equations are nonhomogeneous due to the introduction of an ex- 
pression for the rate of production of the reacting particles. Two cases are considered: (1) The rate is con- 
stant, and (2) the rate is a linear function of the concentration. Solutions are obtained by the method of the 


Laplace transformation. 





REACTION which occurs instantaneously upon 

collision of two molecules or ions is termed 
diffusion-controlled. The collision theory of reaction 
rates in solutions developed by Smoluchowski! is ap- 
plicable to the above type reaction. There have ap- 
peared recently a number of papers on this theory and 
its applications to such phenomena as the quenching of 
fluorescence,” growth of colloid particles,’ and bimolecu- 
lar reactions.‘ In this note we give the solutions to two 
diffusion problems which may be useful in some appli- 
cations of the theory of diffusion-controlled reactions to 
the study of colloid growth and some biophysical 
phenomena. 

Consider a stationary spherical particle enclosed in a 
liquid system. In this system reactant molecules are 
being produced at a rate which we will call Q. Surround- 
ing the particle is a spherical “reaction surface,’’ the 
distance of the surface from the center of the particle 
being 79. We will say that in order for the reaction to 
take place the molecules must reach the surface 
\r| =ro. We have the diffusion equation 


DV’?c+Q=0dc/dt, r>ro, (1) 


where c is the concentration of the molecules, D the 
diffusion coefficient, V? the Laplacian operator, and Q 
the rate of production. We assume the initial concen- 
tration of the molecules to be equal to some constant, 
hence 

c(r,0)=co, r>7o. (2) 


For the reaction at the surface, |r|=7o, we have the 
boundary condition 


lim c(r,#)=0, ¢>0, r<ro. (3) 
TrT0 


This is the Smoluchowski boundary condition. It has 
been pointed out, however, that this condition is not 
correct since all of the molecules reaching the surface 
may not react. In place of (3) one considers the con- 
centration of the molecules at the surface to be pro- 
portional to the concentration gradient at the surface, 


*Public Health Service Research Fellow of The National 
(uncer Institute, National Institutes of Health, Federal Security 

gency. 

'M. Smoluchowski, Physik Z. 17, 557, 585 (1916); Z. physik. 
Chem. 92, 129 (1917). 

*E. W. Montroll, J. Chem. Phys. 14, 202 (1946). 

*F. C. Collins, J. Coll. Sci. 6, 499 (1950). 

*F. C. Collins and G. E. Kimball, J. Coll. Sci. 4, 425 (1949) ; 





| Ind. Eng. Chem. 41, 2551 (1949). 


915 


the constant of proportionality being the ratio of the 
diffusion coefficient to the reaction rate constant, i.e., 


We consider two cases: (i) the rate of production Q is a 
constant; (ii) Q is a function of c, given by Q=a—bc. 
(i). We have for (1) 


DV*c+a=0dc/dt, r>fo, (5) 


together with conditions (2) and (4). Assuming the 
system to be spherically symmetric and applying the 
Laplace transformation to (5), we have 


DVé+-(a/s)=st—Co, (6) 

where L{c(r, ¢)}=(r, s). The solution of (6) is 

Co a 
er, s) =—+— 

¢ # 

ro/rsLcot+(a/s) ] s\} 
- exe —(r—r) (“) | (7) 
1+ (D/k)L(1/1ro)+(s/D)*] D 
To invert (7) we introduce the substitutions 
a= [1+ (D/kro) ], 


B=(D)*/k, \=(r—10)/(D)! and write the denominator 
of the third term as (a+s!). Now 


(a+ fs4)“'= > (—1)* : 


n=0 ant 





n 





B 
<1. 
a 


2 
st 








Expanding the above and keeping only the first three 
terms, we can write (7) as 


& @ 1 
&(r, s)=—+—— “| ed - exp[ —As?] 
sf s 


1 
-" ay exp[ — Sores exp[ — s)] 


1 B 1 
+o|— exp[ — As! ]—— — exp[—As?] 
3 a si 


+= ewl- at] 


5 R. V. Churchill, Modern Operational Mathematics in Engineer- 
ing (McGraw-Hill Book Company, Inc., New York, 1944). 
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Inverting term-by-term, we have 


ro B’a ‘ r—To 
t)=cotat—— = 
ss iatitendin {et @ k ae 


coB(r—1ro) CoB (r—10)? 
+| pets | 
2a3(rDbt*)! a(at)} ADt 


+4at f dp f erfcédé 
(r —ro) /2(Dt)* p 


2a8 ” 
a f ertctat. (8) 
a? (r —ro)/2(Dt)4 











(ii). We have for (1) 


Oc 


DV*c+a—bc= re r>To (9) 
t 


together with (2) and (4). To solve the system (9), 
(2), and (4) we make the following substitutions: 
v=rD—(a—bc) and r= Dt. We have then 


Ov b ov 
Se eee (10) 
or? Dar 

v(r, 0) =rD“(a—beo), (11) 








and 


(r) arn Div ) 
SEP a teen eee ° 12 
. D k\r or r=r0 ) 


Applying the Laplace transformation to (10) and soly- 
ing, we have 


v(r, s)=K coshr¢+rD"¢~(a—beo), (13) 
where ¢=(s+6/D)?. From (12) we find 
roD—"{a— g-*(a— beo)} 
| (1+ —)oosirsa + sinhrod 


kro 


io 





Application of the inversion theorem to (13) will give 


vr, 7)= >> HneS**—1rD—(a—bey)e“'*, (14) 
n=1 
where S,, is one of the poles of K, and H is the residue of 
K coshr¢ at the pole S,. Expressing the solution in 
terms of c(r, /), we have 


a D » 
c(r, t)=-—— )) AyeS*?'— 
rb n=1 


— bcp 
ins (15) 





The solution can be obtained in another way. Using 
the value of K in (13) and writing the trigonometric 
functions as exponentials, we have 








(r,s 





In (16) we have put 


Since ¢>0, we can write 


1 wo 
————= } Aen, || <1. 
1— de?" = n=0 





roD (y+ §)"La— b *(a— deo) Je #4 eo oJ 


1— de? 


+rD-$-*(a— be). (16) 





Therefore (16) becomes 
H(r, s) =reD-La—6-*(a— bes) ] 
XE C-WELexpl—LOmt 1196) 
texpl—[(2nt tebe} 1D“9-*(a—beo)}. (17) 


The inversion of (17) is rather complicated since it 
involves taking the convolution of three functions, two 
of which must be fold and [—(1+ 2) ] fold convolu- 
tions. 
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Erratum: The Reaction Sites in a Field of 
Stationary Ultrasonic Waves 
[J. Chem. Phys. 19, 1613 (1951) ] 


OLLE LINDSTROM 


Division of Physical Chemistry, The Royal Institute of Technology, 
Stockholm, Sweden 


(Received March 7, 1952) 


ART of Fig. 2 of the Letter was lost. The correct figure is 
reproduced here. 


0.5 em | 


Fic. 2. Reaction 
zones on the starch 
paper (reaction solu- 
tion: 5 g KJ per 100 
ml of water saturated 
with carbon tetrachlo- 
ride; 700 kc/sec; 2W/ 
cm?; 30 sec; and,25°C). 
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Influence of Irradiation on the Low Frequency 
Electrodeless Discharge in Chlorine: 
Negative Joshi Effect 


H. J. ARNIKAR 
Chemical Laboratories, Banaras University, India 
(Received February 18, 1952) 





ARRIES and Engel," ? confirming the suppressant influence 

on the negative Joshi effect? — Ai (=decrease in discharge 
current) of high applied potential (V)*~* and temperature‘ found 
earlier by Professor Joshi and pupils and explained on his 
theory,4-8 observe : “When a low frequency electrodeless discharge 
is established in an ozonizer filled with a halogen at 1-600 mm 
Hg, it was found by Joshi and others that the rms value of the 
discharge current decreases on irradiating the gas with an in- 
candescent lamp.” This is an understatement; first, —Az has 
been studied in these Laboratories in full and (Maze counter- 
like) semi-ozonizers**-! as well as in Geisler- or Crookes-type 
tubes with either internal electrodes or external (electrode) 
sleeves.!°-12 Second, it was shown by Joshi inter alia oscillo- 
gtaphically,5 1% and by hf filters, and aerial pick-up,” that 
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— Ai is associated with hf’s, the high frequency part of 7. That a 
large increase in V reduces the proportion ins/irotai, and hence 
the —%Ai, was also shown by workers in these Laboratories.'*~!7 
Thirdly, Joshi has reported the effect under extreme red*® and 
other parts of the visible, ultraviolet,* and x-rays,*'* and using 
dc® and hf potentials.! Joshi argued that “secondary emission’’® 
from the electrodes (identical with walls in an ozonizer) is an 
important factor, especially in numerous findings in these Labora- 
tories in which both the current i and — Ai are affected profoundly 
by depositing various films on the annular walls.* ® He emphasized, 
therefore, the réle of the “gas-solid interface presented by the 
container walls and its neighborhood.’***® Harries and Engel? 
also consider that “‘the gas at the walls is the controlling factor.” 
They regard (a) “wall layer” as the primary seat of, and (b) the 
capture of electrons to form negative ions as leading to — Ai. 
(a) and (b) were postulated explicitly by Joshi+?*%” and sub- 
stantiated by detailed results in various gases and types of 
discharge tube in numerous publications from these Labora- 
tories, 4 21-30 

Early during this work, Joshi,’ observing large —Ai in Cle 
under light from an Hg arc, attributed it to the marked selective 
absorption especially on the short wave side of 4785A, the con- 
vergence frequency for Cle, producing Cl atoms with a large 
electron affinity. These reduced the mean electronic velocity u_, 
owing to either electron capture to give negative ions or/and due 
to a viscous drag on the electrons moving amongst electronegative 
Cl atoms. This reduction of u_ caused — Ai, since 2 is determined 
chiefly by u_. Joshi emphasized, however, that — Az is rather a 
frequency or quantaic effect than due to ordinary selective ab- 
sorption of light, which if present favored —Ai.* Deo,*? following 
Franck and Loeb*! and adopting Joshi’s view of negative ion 
formation in chlorine as leading to — Az, observed that an electron 
attaching in the first instance to a Cle molecule would dissociate 
it immediately yielding Cl- ion, which Harries and Engel also 
suggest ;? they, however, consider that as an initial step “light of 
4 £4800A” causes — Ai in chlorine by dissociating Cl, into atoms. 

These authors! have not taken note of the bulk of the experi- 
mentally established results regarding the Joshi effect. The follow- 
ing consideration of these brings out the limitations of the —Az 
mechanism proposed by them: (1) Appreciable —Az has been 
observed in chlorine under sodium light (5890-96A) ,* 22 and even 
near 7700A.® These wavelengths are much longer than the photo- 
dissociation threshold for chlorine, viz., 4785A. (2) From 70 to 
100 percent —Az has been observed in these Laboratories in 
air,® 4 Oo,25 No.3? H2,2653 Ne,4 and Hg vapor,® under visible light 
which is outside the range of their selective absorption. (3) N2 and 
Ne are “free electron” gases and negative ion formation, necessary 
on Harries and Engel’s theory,» ? is improbable. (4) The occurrence 
of a large positive Joshi effect, a reversible photoincrease of 
current (+ Az) has now been established in numerous systems in 
even ordinary light under definite conditions (e.g., close to 
threshold potential V_)*4®% 142-253 and at large V.414% Such 
a +Az cannot be envisaged on Harries and Engel’s view. 
(5) Lastly, an inversion of the positive and negative Joshi effect 
(+Az——Ai)*" in a given system remains unexplained. It is 
found in these Laboratories that such a reversible inversion can 
be brought about in several systems by but a limited change in 
any one of the determinants, potential and its frequency, tem- 
perature, and light intensity and frequency. 

These results are explained more satisfactorily on Joshi’s theory, 
proposed earlier.*~* According to him, an adsorption-like layer of 
excited atoms and molecules and charged particles is formed on 
the electrode surface under discharge; this layer is the seat of — Ai. 
Its work function is assumed to be low. Irradiation (even in red) 
releases electrons from it as a photoelectric effect. This, per se, 
causes the positive effect +Ai. Under favorable conditions (e.g., 
of E/p)'+?8 —Ai results as a space charge effect produced, for 
example, in electronegative gases by electron attachment, with a 
consequential reduction of u_ and ionizing power. Occurrence of 
—Ai in “free electron” gases is explicable by extending Joshi’s 
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space charge concept to the known inhibitive action on the dis- 
charge of positive ion accumulation.* 

This is the only unitary theory that has been suggested so far 
to explain the positive and negative Joshi effects envisaging their 
co-occurrence,” ** as well as mutual inversion.*!! An adsorption 
layer formed under discharge being the seat of — Ai, its dependence 
on initial aging under discharge;* development with discharge 
time,*7 independence of selective light absorption by the gas 
phase,® #26 32-# and decreased by desorption and destruction by 
strong heating?’ and intense fields,'® follow. 


1W. L. Harries and A. von Engel, J. Chem. Phys. 19, 514 (1951). 
( ost) L. Harries and A. von Engel, Proc. Phys. Soc. (London) B64, 915 
1951). 
3S. S. Joshi, Presidential Address, Chem. Sec., Indian Sci. Cong. (1943). 
4S. S. Joshi, Current Sci. (India) 16, 19 (1947). 
5S. S. Joshi, Proc. Indian Acad. Sci. 22, 389 (1945). 
6S. S. Joshi, Proc. Indian Acad. Sci. 22, 225 (1945). 
( 47) S. Joshi, Proc. Indian Sci. Cong., Phys. Sec., A 26 (1946); A 25 
1947). 
8S. S. Joshi, Current Sci. (India) 14, 317 (1945). 
9S. S. Joshi, Current Sci. (India) 14, 35 (1945). 
10K, S. Visvanathan, J. Chem. Phys. 15, 1341 (1949). 
uN. A. Ramaiah, J. Sci. Ind. Research 10B, 27 (1951); 10A, 182 (1951). 
12 Ramanarao, Proc. Indian Sci. Cong., Phys. Sec., A 32 (1949); Chem. 
Sec., A 35 (1949). 
13S, S. Joshi, Nature 154, 147 (1944). 
4S, S. Joshi, Current Sci. (India) 13, 253 (1944). 
18S. S. Joshi, Current Sci. (India) 14, 67 (1945). 
16 B, N. Prasad and T. C. Jain, Proc. Indian Acad. Sci. 25, 515 (1947). 
17 B, N. Prasad, Current Sci. (India) 17, 235 (1948). 
18S, S. Joshi, Current Sci. (India) 13, 278 (1944); also, V. G. Bhide, 
Current Sci. (India) 20, 178 (1951). 
19S, S. Joshi, Current Sci. (India) 14, 175 (1945). 
20S, S. Joshi, Current Sci. (India) 15, 281 (1946). 
21 G. S. Deshmukh and S. Sirsikar, J. Am. Chem. Soc. 70, 3924 (1948). 
22 P, G. Deo, Proc. Indian Acad. Sci. 29, 28 (1949). 
23 G. S. Deshmukh, Proc. Indian Acad Sci. 29, 243 (1949). 
( a“ + S. Visvanathan and B. L. Rao, Proc. Indian Acad. Sci. 29, 117 
1949). 
( ons} R. Mohanty and G. S. Kamath, J. Indian Chem. Soc. 25, 405, 467 
1948). 
26K, S. Visvanathan, J. Indian Chem. Soc. 26, 190 (1949). 
( a7 > S. Visvanathan and K. Kuppuswamy, Indian J. Phys. 24, 13 
1950). 
28 D. V. R. Rao and K. Sarma, J. Phys. Colloid Chem. 53, 753 (1949). 
29 B. M. Shukla, J. Phys. Colloid Chem. 53, 1239 (1949). 
30 P, G. Deo, Phil. Mag. 39, 978 (1948). 
31L, B. Loeb, Fundamental Processes of Electrical Discharge in Gases 
(John Wiley & Sons, Inc., New York, 1939), pp. 285, 408. 
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Influence of Irradiation on the Low Frequency 
Electrodeless Discharge in Chlorine: 
Negative Joshi Effect; A Reply 
W. L. HARRIES AND A. VON ENGEL 


The Clarendon Laboratory, Oxford, England 
(Received March 10, 1952) 


HOTODISSOCIATION can occur above the threshold (see 

G. Herzberg, Molecular Spectra) especially with “dense” 

wall layers and large intensities of irradiation (point 1). Further 

increase in current on irradiation by photoelectric emission from 

the glass walls may require the absence of adsorbed gas layers 
(point 4). 

The mechanism suggested for chlorine is likely to be applicable 
to all the halogens; the wall processes suggested differ funda- 
mentally from the ones in the above Letter. This covers the re- 
maining points. 





A New Tool for the Study of Crystalline Spectra 


G. L. HIEBERT AND D. F. HorniG 


Metcalf Chemical Laboratories, Brown University, 
Providence, Rhode Island 


(Received March 3, 1952) 


wis a molecule is placed in a crystalline lattice its fre- 
quencies of vibration are changed (a) by the crystalline 
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field due to the other molecules in their equilibrium configuration 
and (b) by coupling with the motions of other molecules.! This 
latter effect causes each vibration of the free molecule to yield a 
number of components (up to the number of molecules in the unit 
cell) in the Raman or infrared spectrum. It is readily shown,? 
however, that the mean value of all the coupling components 
should be the frequency at which the vibration would take place 
if only the equilibrium crystalline field were present. 

We have succeeded in demonstrating this in the case of the low 
temperature phase of HCl. The infrared and Raman spectra had 
previously been studied** and show three infrared active com- 
ponents at 2616 cm™, 2704 cm“, and 2746 cm™ as well as a 
component which appears only in the Raman spectrum at 2759 
cm™!, We have now studied dilute solutions of HCI in crystalline 
DCI. Because of the large frequency difference, the coupling be- 
tween the HCl and the DC] lattice should be largely eliminated 5 
If all the nearest neighbors of HCl were DCI molecules, one would 
expect a single sharp absorption line in the region of the HCl 
fundamental. Figure 1(A) shows the spectrum of HCI obtained by 
Osberg with lines at 2704 cm™! and 2746 cm™. A weak component 
at 2616 cm™ appears with thicker samples. Figure 1(B) shows a 
corresponding region of the spectrum of a dilute solution of HCl 
in crystalline DCI. 

The qualitative results are striking and the line width in the 
solution is less than in the pure crystal, although the observed 
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HCl component at 2720 cm™ differs from 2706 cm™!, the mean 
value of the four components in the pure crystal, by more than 
the experimental error. The explanation of this small difference 
may be in the assignment of the infrared and Raman spectra of 
pure HCl, incomplete decoupling of the HCI in the solution, or a 
difference between the dimensions of the HCl and DCI lattice. 
We can conclude that the equilibrium field causes the frequency 
of the HC] fundamental to shift 180 cm~! from that observed in 
the gas. 

In addition to the spectrum of isolated molecules, one should 
also expect to see a less intense spectrum due to pairs of molecules 
whose motions are coupled to each other but not to the lattice. 
Such a hydrogen bonded pair should give rise to two components 
whose frequency separation is a measure of the coupling and whose 
intensity ratio gives a direct measure of the relative orientation 
of the two molecules. We attribute the two weak components at 
2710 cm™ and 2730 cm™ in Fig. 1(B) to this source. In the case 
of diatomic molecules the intensity ratio between the two com- 
ponents is related to the angle a between them by the expression 
I,/I_=ctn*a/2. In the case of HCI this yields a= 102° (or 78°), 
in good agreement with the value 108° (or 72°) obtained by 
Osberg. 

The technique of isotopic dilution allows us to separate the 
effects of intermolecular forces and intermolecular coupling and 
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should be of fairly general utility in the study of molecular spectra 
of crystals. In addition, the spectrum of pairs affords a very direct 
method of measuring the relative orientation of nearest neighbors 
and should be applicable in disordered as well as ordered struc- 
tures, possibly even in liquids having a degree of local order. This 
tool promises to be particularly useful in the case of hydrogen- 
deuterium systems. 

1D. F. Hornig, J. Chem. Phys. 16, 1063 (1948). 

2D. F. Hornig, Disc. Faraday Soc. 9, 115 (1952). 

3W. E. Osberg, Jr., thesis, Brown pag ag F 1951 

‘Lee, Sutherland, and Wu, Proc. Roy. Soc . (London) 176A, 493 (1940). 

5 The utility of dilute crystalline solutions has been suggested inde- 
pendently by H. J. Hrostowski and G. C. Pimentel, J. Chem. Phys. 19, 


661 (1951). Pimentel studied solutions of naphthalene in anthracene 
[J. Chem. Phys. 20, 1536 (1951)]. 





Primary Process in Acetone Photolysis and 
Activation Energy for the Decomposition 
of Acetyl Radical 


Davin H. VoOLMAN AND WENDELL M. GRAVEN 
Department of Chemistry, University of California, Davis, California 
(Received March 11, 1952) 


N the basis of metallic mirror experiments one of us’ has 
presented evidence favoring the point of view of Spence and 
Wild? that intramolecular photodecomposition of acetone yielding 
ethane and carbon monoxide becomes an important process with 
increasing wavelength of absorbed light. Strong arguments in 
support of a completely free radical mechanism had earlier been 
advanced by Dorfman and Noyes.*4 Very good experimental 
evidence in support of the latter has recently been presented.5 ® 
Results obtained in this laboratory on the irradiation of mix- 
tures of acetone and butadiene are in accord with a completely 
free radical mechanism for acetone photolysis. Unfiltered light 
from an Hanovia Type A lamp was used. The disappearance of 
ethane with increasing butadiene, Table I, shows that the intra- 


TABLE I. Irradiation of acetone-butadiene mixtures at 100°C. 








Products, mole X10‘ 
C2He 


2.00 
0.04 
0.01 
0.00 


Pressures, mm 
Acetone Butadiene 











molecular decomposition cannot be a significant process at any 
of the wavelengths in the region 2300-3400A. 
If the assumption is made that the primary process is only 


(CH3)2CO+light = CH;+CH;CO, 

then it seems likely that all of the CH; radicals produced add to 

butadiene.? The decrease in CO yield may likewise be attributed 

to addition of CH;CO to butadiene. The yield of CO is thus a 

measure of the relative rates of CH;CO decomposition and CH;CO 
addition. The 2 equations 

CH;CO=CH;+CO (1) 

CH;CO+(C,Hs= CsHsCH;CO (2) 


Roo/Raaa= hi/ko[CiHs], 


and E,—E,=8.1 kcal/mole in the range 100-120°. The value of Es, 
established from a consideration of the polymerization kinetics in 
@ manner similar to that already reported,’ is about 5.4 kcal/mole. 
This leads to a value of E;13.5 kcal/mole. 

Full details of these experiments will be published in the future. 


give 


;Volman, Leighton, Blacet, and Brinton, J. Chem. Phys. 18, 203 (1950). 
2R. Spence and W. Wild, J. Chem. Soc., 352 (1937). 
*L. M. Dorfman and W. A. Noyes, Jr., J. Chem. Phys. 16, 557 (1948). 
‘W. A. Noyes, Jr., and L. M. Dorfman, J. Chem. Phys. 16, 788 (1948). 
7 N. Pitts, Jr., and F. E. Blacet, J. Am. Chem. Soc. 74, 455 (1952). 

. Benson and C. W. Falterman , J. Chem. Phys. 20, 201 (1951). 
1D, H. Volman, J. Chem. Phys. 19, 668 (1951). 
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Pressure Dependence of Quenching Distance of 
Normal Heptane, Iso-Octane, Benzene, 
and Ethyl Ether Flames 


RAYMOND FRIEDMAN AND W. C. JOHNSTON 


Research Laboratories, Westinghouse Electric Company, 
East Pittsburgh, Pennsylvania 


(Received March 19, 1952) 


ECENTLY, the writers! measured the quenching distance of 
premixed propane-air flames at pressures from 0.083 to 2.77 
atmospheres. The pressure dependence of the minimum quenching 
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Fic. 1. Effect of pressure on quenching distance at 100°C. 





distance was shown to be of the form d~p~*. The value of a 
was 0.91. 

Subsequently, the same technique has been used for other fuels, 
with results reported herein. Purities of the fuels were stated by 
the suppliers to be as follows: m-heptane, 99.5 percent; iso-octane 
(2,2,4-trimethyl pentane), 99.6 percent; benzene, 99 percent; 
ethyl ether, to meet American Chemical Society specifications. 
The ambient temperature for these tests was 100°C. All details 
of the apparatus were as previously described, except that the 
liquid fuel flow rates were controlled by a Teflon-sealed piston- 
type apparatus to be described separately. The data are shown in 
Fig. 1. 

Analysis of the minimum quenching distances yields the 
following values for m, the pressure exponent: n-heptane, 0.92; 
iso-octane, 0.91; benzene, 091; ethyl ether, 0.87. These values 
are remarkably close to the propane exponent, 0.91. When the 
magnitudes of the quenching distances of stoichiometric and lean 
mixtures of the various fuels are compared, they are found to be 
in the order: iso-octane>n-heptane>benzene~ethy] ether. The 
relative burning velocities of these fuels are reported? to follow an 
inverse sequence: ethyl ether>benzene>n-heptane> iso-octane. 
This is consistent with an elementary theory of quenching.’ 

When minimum spark-ignition energy measurements‘ are 
plotted against fuel-air ratio/stoichiometric fuel-air ratio, the 
minimum of the curve shifts to richer mixtures with increasing 
hydrocarbon molecular weight; for n-heptane, the minimum 
occurs at 1.85 times stoichiometric. On the other hand, the 
minimum quenching distance for n-heptane at one atmosphere 
(Fig. 1) occurs at 1.24 times stoichiometric. Even though there 
is very little shift in the minimum from that of propane, quenching 
distances for quite rich mixtures of the four fuels studied are seen 
to be considerably smaller than for propane. 


1R. Friedman and W. C. Johnston, J. Appl. Phys. 21, 791 (1950). 

2D. M. Simon, Ind. Eng. Chem. 43, 2718 (1951). : 

3R. Friedman, Third Symposium on Combustion, Flame, and Explosion 
Phenomena (Williams and Wilkins, Baltimore, 1949), pp. 110-120. 

4 Blanc, Guest, von Elbe, and Lewis, Third Symposium on Combustion 
Flame, and Explosion Phenomena (Williams and Wilkins, Baltimore, 1949), 


p. 365. 





The Fundamental Frequencies of F.CN 


W. J. ORVILLE THOMAS 


The Edward Davies Chemical Laboratories, University College of Wales, 
Aberystwyth, Wales 


(Received February 26, 1952) 


OR a molecule of known configuration it is necessary to know 

the atomic masses and the force constants occurring in the 

potential function in order to calculate the vibration frequencies. 

Hitherto, in general, the reverse process has been employed ; from 

the experimentally determined vibration frequencies values of the 
force constants have been obtained. 

One of the most important aims in the systematizing of force 
constants is to enable the calculation of vibration frequencies to 
be carried out, in cases where they are unknown, by the allocation 
of a reasonable set of force constants to the molecule. The object 
of this note is to present theoretical values calculated for F.CN. 

Methods have been recently developed’? for obtaining the 
. physically plausible range of force constants in simple molecules. 
The possible sets of force constants are obtained as functions of a 
parameter p and may be expressed in a convenient graphical form. 
On this basis force constants have been derived for the X.CN 
series?? (X=CH, Cl, Br, I). The force constant values f are 
given in Table I in units of 10° dynes/cm; in addition there are 
given the bond lengths, (7) of the CN and CX links in Angstrom 
units, the atomic weight of X, (Az), and the ionization potential 
of X, (V) in electron volts. 

A plot of ren against A, for the halogen compounds gives a 
smooth curve and on extrapolating a value of 1.165A for ron in 
F.CN is obtained. 
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TABLE I. 
x= H F Cl Br I 
Yon® 1.157 eee 1.163 1.160 1,159 
rox 1.059 eee 1.630 1.789 1,995 
Az 1.008 19.000 34.980 79.916 126.904 
V eee 17.42 13.01 11.8 10.5 
fox> 18.07 ee 17.61 17.80 17.94 
fcx 5.70 tee 5.01 4.10 2.92 
fiz —0.30 eee 0.50 0.70 1.06 








® Quoted by Thomas (see references 2 and 3). 
b Thomas (see references 2 and 3); reference 4. 


Combined with the unequivocal values of ren and fon in H.CN,! 
Gordy’s relations®® for this bond, which are (in the appropriate 
units) 

N=6.48/r?—2.00, 
f=1.67N(7.599/r?)?+0.30, 


lead to N=2.82 and fen=17.5X 10° dynes/cm for F.CN, 

Torkington’ has shown that a plot of fox against the ionization 
potential of X, (V) is a straight line for certain halogen com- 
pounds. This is found to be so for the X.CN series leading to an 
extrapolated value for=8.07 X 10° dynes/cm. 

A plot of fi2 against Az is a smooth curve leading to a value 
of fi2=0.45 X 10° dynes/cm. 

Using the standard frequency-force constant relations for linear 
triatomic molecules® and the above values of fon, fcr, and fi2 for 
F.CN, the calculated frequencies are »:(vcn)=2294 cm™ and 
v3(vcr) = 1052 cm=. 

It will be interesting to see how accurate these values are when 
the experimentally determined vibration frequencies of F.CN are 
recorded. 

1P, Torkington, J. Chem. Phys. 17, 357, 1026 (1949). 

2W. J. Orville Thomas, J. Chem. Phys. 19, 1162 (1951). 

3 W. J. Orville Thomas (unpublished). 

4 Coulson, Duchesne, and Manneback, Contribution a l'étude de la structure 
moleculaire (Liége, 1948), p. 33. 

5 Walter Gordy, J. Chem. Phys. 14, 305 (1946). 

6 Walter Gordy, J. Chem. Phys. 15, 305 (1947). 

7P. Torkington, Nature 161, 724 (1948). 


8C. S. Wu, Vibrational Spectra and Structure of Polyatomic Molecules 
(Edwards Brothers, Inc., Ann Arbor, Michigan, 1946). 





Errata: Charge Densities in Conjugated Systems 
[J. Chem. Phys. 19, 1614 (1951)] 


R. MCWEENY 
King’s College, University of Durham, Newcastle on Tyne, England 


N line 8 LCAOs and AOs should be replaced by LCAQs and 
AQs. The boldface AO which in our notation characterizes 

an orthogonalized atomic orbital should be repeated in lines 14, 
19, 21 (first bracket), and in the first line beneath the figure. 

Wherever yu and » occur in conjunction with other symbols (and 
in such cases only), they should appear as suffixes. 

In Secs. (1) and (2) the intended symbols for the total charge 
density function and for the portion formally associated with 
atom yp are, respectively, P and Py. 





Nuclear Magnetic Resonance Absorption 
in Anthracene 


F. A. RusHWoRTH 


Department of Natural Philosophy, The University, 
St. Andrews, Scotland 


(Received March 12, 1952) 


EASUREMENTS of the nuclear magnetic resonance ab- 
sorption spectrum of anthracene reported by Andrew! 
showed a remarkable hue-width change between 180°K and 
200°K, when the absorption line narrowed by a factor of five and 
remained at this smaller value up to room temperature. Values 
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Fic. 1. The variation with temperature of the resonance absorption 
line width for the impure anthracene. 
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Fic. 2. The variation with temperature of the resonance absorption 
line width for ethylene glycol. 


for the experimental second moment of this narrow line could not 
be accounted for by postulating any simple molecular motion. 
The transition was also interesting in that naphthalene, which 
has very similar molecular and crystal structures, gave no indi- 
cation of this behavior. 

Further experiments have been made with the anthracene used 
by Andrew and with several other samples. The transition can 
only be found when using the original material (Eastman Kodak 
480-X), all other samples showing no sign of the narrow line. 
It has been found that this effect is due to an impurity which 
itself undergoes a line-width transition in the solid state, and 
it is this transition which caused the narrowing of the line pre- 
viously attributed to anthracene. This impurity is ethylene glycol, 
a substance used in the anthracene purification process.? The 
ethylene glycol can be removed by washing, the resulting anthra- 
cene then behaving like all other samples. 

Figure 1 shows a redetermination of the variation of line 
width with temperature for the original 480-X material. At about 
the same temperature as reported before! the line width changes 
from 8.1 gauss to a value corresponding to the field inhomo- 
geneity of the magnet. Figure 2 shows results obtained with pure 
ethylene glycol, the line width changing from 13.7 gauss to the 
inhomogeneity value over the same temperature region, about 
80° below the melting point. Ethylene glycol has marked super- 
cooling properties, but care was taken to ensure that the substance 
was solid when measurements were taken below its melting point. 
Two other anthracene samples were fully investigated over this 
temperature range and neither showed any similar narrowing of 
the line width from the value of about 8 gauss. One of these 
samples was from another batch of 480-X anthracene, and the 
other was a very pure specimen kindly supplied by Professor J. W. 
Cook of Glasgow University. 

The broad line of the anthracene in the impure sample tends 
to be masked above 190°K by the superposed strong narrow line 
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of the glycol impurity. This is partly due to the phase-sensitive 
method of detection. When a narrow line is found, the amplitude 
of the modulation field is reduced to a value less than that of the 
line width in order to avoid spurious broadening. The signal 
strength of any broader line is consequently reduced, and may 
not be detected relative to the signal strength of the narrow line. 
Both lines have been found in the impure anthracene at about 
200°K using a 2-gauss modulation, but with the narrow line 
necessarily broadened. Below 180°K the glycol line is broad and 
weak, and the true anthracene line that achieves prominence. 

A quantitative chemical analysis of the impure material showed 
a 3.0 percent proportion by weight of ethylene glycol, whereas 
none could be found in the other 480-X sample. 

The crystal structure of anthracene has recently been rede- 
termined,’ and it was found that the three carbon rings are not 
regular hexagons but have C—C bonds ranging from 1.364A to 
1.440A. From this structure, allowing for lattice contraction, the 
second moment of anthracene at 97°K has been calculated and a 
value 8.15 gauss? obtained;* this consists of an intramolecular 
contribution of 3.27 gauss* and an intermolecular contribution 
of 4.88 gauss.? The mean of several experimental determinations 
at about 100°K is 8.2 gauss,? indicating that the lattice is 
effectively rigid. 

The mean experimental second moment of ethylene glycol at 
about 100°K was 21 gauss.” The crystal structure of this material 
does not appear to have been determined, so an accurate theo- 
retical value for the second moment cannot be calculated. 

The writer would like to thank Dr. E. R.-Andrew for many 
helpful discussions during the course of this work. 

1E. R. Andrew, J. Chem. Phys. 18, 607 (1950). 

2 Thanks are due to the Eastman Kodak Company for information about 
this process. 

3 Mathieson, Robertson, and Sinclair, Acta Cryst. 3, 245 and 251 (1950). 


_ 4 The value 10.3 gauss (see reference 2) quoted previously (see reference 1) 
is now known to be in error. 





Equilibrium and the Rate Laws for Forward and 
Reverse Reactions 


C. A. HOLLINGSWORTH 


Department of Chemistry, University of Pittsburgh, 
Pittsburgh 13, Pennsylvania 


(Received March 10, 1952) 


HE condition that must apply at equilibrium imposes a 
restriction upon the rate laws for the forward and reverse 
reactions. Since the same exact rate laws must hold for all condi- 
tions, i.e., equilibrium or not, the restriction imposed by the 
limiting case of equilibrium must always hold. This does not 
apply, of course, to approximate rate laws since these may change 
their form as equilibrium is approached. 

It has often been assumed that the ratio of the expression for 
backward rate to the expression for the forward rate is the equi- 
librium constant relationship. It has been shown,! however, that 
this is not necessarily true. Indeed, it is surprising that many 
reactions with complicated rate laws having orders which bear no 
simple relationship to the coefficients in the chemical equation do 
lead to the equilibrium constant expression. It is the purpose of 
this letter to point out that the restriction placed upon the rate 
laws by the condition which must be satisfied at equilibrium is not 
so severe as is generally assumed. 

Consider the reaction 


aA+bB+---—mM+nN-+::-. 
Thermodynamics tells us that at equilibrium the activities (A), 


(B), etc., of substances involved in the reaction must satisfy the 
expression 


L(A), (B), ees | (M), (N), 9 +] 
=[(M)™(N)*---/(A)*(B)’---J=K(T), (1) 


where K(T) is a function of the temperature 7. 
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Suppose the rate laws for the forward and reverse reactions are 
given by rs[(A), (B), totes (M), (NY), Sidi T] and reL(A), (B), Pre og 
(M), (N), «++, TJ]. Equilibrium requires that 

r;/r=fL(A), (B), oe (M), (N), “ere T]= 1. (2) 


All sets of values that satisfy Eq. (1) must satisfy Eq. (2). A suffi- 
cient condition for this is that f be expressible as a function of g 


such that 
SL(A), (B), oP ta T]=F{g, i | (3) 


F[K(T), T]=1. (4) 


A necessary and sufficient condition for Eqs. (3) and (4) to 
hold would seem to be that F[g, 7] be expressible as a function of 


g/K(T) such that 
F(g, TJ]=$[¢/K(T)], (5) 


F[1]=1. (6) 


All coefficients in ¥ must be independent of 7. 
It will be noted that the example considered by Manes, Hofer, 
and Weller! is the special case 


SLs/K(T) ]=[e/K(T) Y*, 


where z is any constant. 

The rate laws are often functions of other variables which are 
introduced by such things as catalysts. These other variables do 
not change with the reaction. Thus they do not contribute to the 
free energy change of the reaction and therefore do not change 
Eq. (1). Since, by Eq. (4), F[K(T), T] cannot contain a parameter 
which can take on arbitrary values, it follows that F[g, 7] must 
be independent of such additional variables. This means that the 
rate expressions must be factorable in such a way that the factors 
containing these variables cancel in Eq. (2). 


1 Manes, Hofer, and Weller, J. Chem. Phys. 18, 1355 (1950). 
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Transference Numbers for Electrical 
Conduction in Glass 


J. V. FitzGERALD 


Glass Division Research Laboratories, Pittsburgh Plate Glass Company, 
Creighton, Pennsylvania 


(Received March 17, 1952) 


REQUENTLY the measurements of E. Warburg! and C. A. 
Kraus and E. H. Darby? as well as others* have been used 
as the basis for believing that sodium ions in simple soda-lime- 
silicate glasses carry all the electrical current when these glasses 
conduct. The fact that G. Ostroumov‘ recently reported measured 
sodium ion transference numbers of unity in sodium tetraborate 
glass in the temperature range of 270 to 300°C adds credence to 
this belief. However, the earlier investigators did not determine 
transference numbers. Rather they demonstrated that Faraday’s 
law held rigorously because sodium could be quantitatively elec- 
trolyzed through simple silicate glasses. There still remains the 
question of how the electrical current is carried through the glass.5 
One indirect method of estimating transference numbers is to 
compare measured ionic diffusion coefficients with coefficients 
calculated from the electrical conductivity. If the measured 
coefficients are less than the calculated coefficients, then it would 
appear that an additional factor must enter into the conduction 
process. 
A relation for calculating the diffusion coefficients of mobile 
ions in electrolytic solutions was proposed by W. Nernst, A. Ein- 
stein, and J. Frenkel. It is commonly called the Einstein relation.® 


D=kTa/N(Ze)?, 
where D= diffusion coefficient in cm*/sec, k= Boltzmann constant, 


T=absolute temperature, a= electrical conductivity, N =concen- 
tration of mobile ions, Z= valence of these ions, and e= electronic 
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Fic. 1. Comparison of J. R. Johnson’s (see reference 9) measured Nat™ 
diffusion coefficients for two different glasses with coefficients calculated 
from K. M. Laing’s (Pittsburgh Plate Glass Company) electrical con- 
ductivity measurements assuming that all the current is carried by Na*#, 
Very small circles represent calculated diffusion in the partially devitrified 
soda-lime-silicate glass. Crosses are for the sodium silicate glass after 
Seddon, Lippet, and Turner, J. Soc. Glass Tech., 450-476 (1932). 


charge. F. Seitz? has discussed this relation and describes an 
experimental check of the relation by G. V. Hevesy and W. Seith 
who applied it to crystalline solids. The diffusion coefficient for 
radioactive Pb*++ in PbI, was determined and found to agree 
within experimental error with the coefficient calculated from 
electrical conductivity measurements. Also W. Eitel* has reviewed 
the studies of R. L. Muller and others and described the calcula- 
tion of diffusion coefficients for mobile ions in various borate 
glasses from their electrical conductivities. 

J. R. Johnson, R. H. Bristow, and H. H. Blau® have reported 
radioactive tracer measurements of the diffusion coefficients for 
sodium ions in certain glasses. His curves for two different glasses 
are shown in Fig. 1. Also shown in Fig. 1 are diffusion coefficients 
calculated from electrical conductivity measurements of these 
glass compositions by the use of the aforementioned Einstein 
relation. Dr. Johnson kindly sent us the sample of soda-lime- 
silicate glass. Therefore it is identical to the glass used by him in 
his radioactive tracer studies. 

In the case of the soda-lime-silicate glass, the estimated sodium 
ion transference numbers (D measured/D calculated) seem to be 
only about 0.3 to 0.5. In the case of the sodium-silicate glass, the 
numbers seem to be even less. What then is the explanation for 
the additional factor contributing to the passage of electrical 
current through these glasses? Evidently direct Na* transference 
number determinations for these glasses are needed. 


1E, ea. Ann. Physik. Chem. =. 622 (1884). 

2C, A. Kraus and E. H. Darby, J. Am. Chem. Soc. 44, 2783 (1922). 
- 3 - W. Morey, Properties of Glass (Reinhold Publishing Company, New 

or 

4G. Ostroumov, J. Gen. Chem., U.S.S.R. 19, 363-6 (1949). 

5 A, A. Noyes and M. S. Sherill, "A Course of Study in Chemical Principles 
(Macmillan Company, New York, 1938). 

R. M. Barrer, Diffusion in and through Solids (University Press, Cam- 

bridge, England, 1941). 


Seitz, ala Theory of Solids (McGraw-Hill Book Company, Inc. & 


New York, 1940 

8W. Eitel, peustbalioshe Chemie Der Silicate (Edwards Brothers, Inc» 
Ann Arbor, Mich igan, 1944). 

9 Johnson, Bristow, and Blau, J. Am. Ceram. Soc. 34, 165-172 (1951). 
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The Infrared Spectrum of Methyl Cyanide 


PuTCHA VENKATESWARLU 


Spectroscopy Laboratory and Department of Chemistry, Massachusetts 
Institute of Technology, Cambridge, Massachusetts 


(Received February 26, 1952) 


N a recent paper! the infrared spectrum of methyl cyanide was 
reported. Seven of the eight fundamentals were observed, both 
in gaseous and liquid states. The eighth fundamental v(e), which 
corresponds to the degenerate C—C=N bending vibration, was 
not obtained as it was beyond the region investigated. The 
coriolis interaction constant {3 which corresponds to the funda- 
mental vs(e) was calculated, with the help of the other ¢; values 
and the sum rule, to be 0.95. This high value of ¢s suggested that 
the spacing? of the sub-bands in the perpendicular (.) band 
corresponding to vs(e) would be small. This would be the same for 
the | type combination bands like »;(a;)++»s(e) which involve 
v(e). The high value obtained for ¢s was thus supported by the 
presence of a combination band v2+¥s(Z) at 2620.5 cm™, which 
has the strongest expected unresolved Q branch with two shoulders 
which correspond to the P and R branches. 

The spectrum of methyl cyanide vapor and liquid has now 
been studied in this laboratory in the region of 460-250 cm. 
A modified 12 B Perkin-Elmer spectrometer with a thallium 
bromide-iodide (KRS-5) prism was used. A path length of 80 cm 
at a pressure of 60 mm was used in the case of vapor, and in case 
of liquid #5-mm thickness was used. 

The band corresponding to the fundamental ys(e) has been 
obtained at 361 cm™ in the vapor and at 379 cm™ in the liquid. 
The value 379 cm™! agrees very well with the Raman line at 
381 cm™! observed for the liquid.’ It is interesting to see such a 
large difference (19 cm™ or 5 percent) between the band centers 
in the liquid and gas. This difference was also observed! for the 
overtone band 2y3(A) which is at 717 cm in the gas and 749 cm™ 
in the liquid. 

As expected the band vs at 361 cm™ was not resolved and 
shows a strong central maximum. Thus the observed band en- 
velope supports the previously obtained high value of ¢s. 


1P, Venkateswarlu, J. Chem. Phys. 19, 293 (1951). 

*The spacing is given by Avi=2A(1—{i)—B where A and B are the 
usual rotational constants. 

3A. W. Reitz and R. Skrabal, Monatsh. Chem. 70, 398 (1937). 





Low Temperature Conductivity as a Function of 
Internal Surfaces 


I. SHAPIRO 
Consultant, Chemical Services, Pasadena, California 
(Received March 14, 1952) 


N a recent communication on the measurement of internal 

surfaces in ice by “local conductivity” Murphy! drew a com- 
parison with free-ion conduction and concluded that a second 
term in the direct-current conductivity could not be used as a 
measure of internal surfaces. His reference? on this comparison 
is outdated. 

Shapiro and Kolthoff* have shown that the low temperature 
conductivity in the case of silver bromide is a function of the 
internal surface of the crystal. The pressure effect on conductivity 
also has been interpreted on the basis of changes in internal 
surface. By following the change in conductivity as a function of 
pressure as a powder mass is compressed into a pellet, and then 
extrapolating to zero pressure after correcting for the change in 
Porosity of the powder system, Shapiro and Kolthoff‘ have been 
able to correlate the (low temperature) conductivity with the 
surface of the powder. 

In the case of dc conductivity the over-all equation has been 
expressed 

x= (Ae~W/2RT) 4 KS)e-UIRT), (1) 


where e~(W/2RT) represents the fraction of carriers in thermal 


THE EDITOR 


923 


equilibrium at temperature T with W being the energy required 
to move a carrier (ion) from a stable position to a distant inter- 
stitial position, S is the internal surface, e~‘4/®7 is related to the 
mobility of the carriers with U being a potential barrier, and A 
and K are constants. At a sufficiently high temperature the 
number of carriers in thermal equilibrium exceeds the number of 
carriers furnished by the surface, and consequently, the con- 
ductivity formula takes the form 


x= Ae Wi) tURT, (2) 


Conversely, at a sufficiently low temperature where Ae~‘¥/22T) 
«KS, 
x= KSe~ Usk?) (3) 


The energy values of (W/2+U) for the high temperature Eq. (2) 
and of U for the low temperature Eq. (3) are in excellent agree- 
ment with the values obtained by Koch and Wagner® on mixed 
crystals of AgBr-PbBre. In this latter case the addition of Pb*+* 
as PbBrz introduces an equivalent number of holes in the silver 
ion lattice. Below a certain temperature, whose value varies with 
the concentration of added impurity, the conductivity is pro- 
portional to the concentration of the added impurity. The inter- 
pretation is similar to that for the surface conductivity, i.e., the 
number of temperature-independent carriers, in this case intro- 
duced by the added impurity, is greater than the number of 
carriers in thermal equilibrium, and thus only the low temperature 
equation is applicable. A similar situation evidently exists in ice 
since the second term had a somewhat different value for different 
specimens of ice.' 

The ratio of the coefficients of the two terms of the conduction 
formula in reference 1 has been taken as the ratio of the number 
of molecules in internal surfaces to the total number of molecules 
in the crystal. It is pointed out that the ratio of the coefficients in 
the case of the dc conductivity for silver bromide* under com- 
parable conditions practically coincides with the value obtained 
for the ice. The difference, then, between “local conductivity” 
and dc conductivity in measuring internal surface may not be as 
great as had been indicated in reference 1. 

1E, J. Murphy, J. Chem. Phys. 19, 1516 (1951). 

2A. Smekal, Z. tech. Physik 8, 561 (1927). 

3]. Shapiro and I. M. Kolthoff, J. Chem. Phys. 15, 41 (1947). 


41. Shapiro and I. M. Kolthoff, J. Phys. Colloid Chem. 52, 1319 (1948). 
5 E. Koch and C. Wagner, Z. physik Chem. B38, 295 (1937). 





Measurement of the Vibrational Relaxation Effect 
in CO, by Means of Shock Tube 
Interferograms* 


E. F. Smitey, E. H. WINKLER, AND Z. I. SLAWSKY 
U. S. Naval Ordnance Laboratory, White Oak, Silver Spring 19, Maryland 
(Received March 10, 1952) 


HE relaxation processes in shock waves associated with the 
transfer of molecular energy from translation into internal 
degrees of freedom have been treated by Bethe and Teller.' The 
observation of such phenomena has been usually associated with 
strong shock waves in air. R. E. Duff? in his study of the behavior 
of real gases in a shock tube investigates CO, and its advantages 


(a) (b) 
Fic. 1. Interferograms of shocks in (a) air and (b) COs. 
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in the study of relaxation phenomena. Recently we have recorded 
by means of interferograms the relaxation region behind plane 
shock waves in a shock tube containing CO2. 

An interferogram made with CO, is shown in Fig. 1, together 
with an interferogram made with air under similar conditions. 
In Fig. 2 a schematic diagram of the zeroth fringe displacement is 


shock shock 


—»> 


—- 


| | 
(a) (b) 


Fic. 2. Density changes corresponding to the zeroth fringe 
displacement in (a) air and (b) COx2. 
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shown. In these interferograms the fringe displacement is a direct 
measure of the density shift so that in Fig. 2 the fringe shifts are 
given in terms of the corresponding density values. In these inter- 
ferograms the gas flow relative to the shock may be considered as 
a time base for the relaxation region. 

The peak temperatures in both the CO, and the air shocks are 
about 900°K. At this temperature the lowest vibrational modes of 
CO:2 make a large contribution to the enthalpy while in air at 
the same temperature the vibrational modes are only very slightly 
excited. 

The estimated relaxation time shown in the CO: interferograms 
was about 2 microseconds, much lower than the 120 microseconds 
which would be expected for bone dry COz. At normal pressure 
these values correspond to about 0.1 and 6 microseconds. How- 
ever, the value observed is in rough agreement with the expected 
value for the known water vapor content (about 3 percent) .’ 

The density ratios of the equilibrium states, ahead of the shock 
and after the shock, as determined from interferograms in CO2 
and in air, agree within +3 percent with the computed density 
ratios as computed from known thermodynamic data and the 
measured shock velocity. 

In addition to the study of the relaxation region in CO, for 
different values of temperature, density, and impurity content, 
these measurements will be extended to chlorine and bromine. 
These gases can be dissociated by moderate shock strengths and 
as diatomic molecules are more susceptible to theoretical treat- 
ment. 

Since obtaining these interferograms we have learned that 
similar records are being obtained by W. Bleakney and W. C. 
Griffith at Princeton University. 


* This project was partially supported by the ONR. 

1H. A. Bethe and E. Teller, ‘‘Deviations from Thermal Equilibrium in 
Shock Waves,” reprinted by Engineering Research Institute, University of 
Michigan. 

2R. E. Duff, ‘The Use of Real Gases in a Shock Tube,”’ Engineering 
Research Institute Reports 51-3, University of Michigan. 

3W. H. Pielemeier and D. Telfair, Phys. Rev. 55, 1127 (1939). 





Thermodynamic Properties of Chlorine Trifluoride* 


MILTON D. SCHEER 
U.S. Naval Air Rocket Test Station, Lake Denmark, Dover, New Jersey 
(Received February 29, 1952) 


CHAFER and Wicke! calculated the thermodynamic proper- 
ties of chlorine trifluoride, assuming a symmetrical pyramid 
for the structure (symmetry number o=3). They used the 
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following principal moments of inertia: 
Iy=I2=120X10-® gcm? and /;=160X10-® g cm’. 
As a result of a study of the Raman spectra of this substance, 


they were able to use the following vibrational frequency assign- 
ments in their calculations: 


we 4=750 cm™; 
and we=428 cm“. 


w= 508 cm7!; 
w3,5=316 cm; 


At the last American Physical Society meeting, D. F. Smith of 
Carbide and Carbon Chemicals Company gave a paper on the 
microwave spectrum of chlorine trifluoride. He obtained an 
undistorted, planar, “7” structure with the chlorine atom at the 
intersection of the two arms. The two similar CIF bonds (1.70A) 
are longer than the unique CIF bond (1.56A). This structure is 
consistent with the following principal moments of inertia: 


I,=61.0X10-® g cm?, 
I2=182.0X 10-® g cm?, 


and 
I;=243.0X 10-® g cm?, 


where the symmetry number o=2. 

Using this new structural information, together with the 
Schafer and Wicke vibrational frequency assignments, one ob- 
tains the free energies, entropies, and heat capacities given in 
Table I. The usual assumptions of rigid rotator and harmonic 
oscillator approximations were made, and the isotope and nuclear 
spin effects were neglected. 


TABLE I. Free energy, entropy, and heat capacities of chlorine trifluoride 
for the ideal gas at one atmosphere pressure (cal mole™ deg™). 














7°E. —(F° —E/T) So Cy? 
284.91 (b.p.) 56.04 66.90 15.09 
298.16 56.54 67.58 15.38 
400 $9.99 72.32 16.94 
500 62.88 76.21 17.83 
600 65.39 79.51 18.36 
700 67.63 82.39 18.75 
800 69.63 84.89 18.99 
1000 73.16 89.16 19.29 
1250 76.54 93.22 19.50 
1500 79.92 97.07 19.61 








The heat capacity values are in substantial agreement with the 
Schafer and Wicke values, since the translational and rotational 
contributions were assumed to have their equipartition values. 
The entropy and free energy values, on the other hand, were all 
increased by about one calorie per mole degree for each tempera- 
ture listed. 

A recent third law measurement of the entropy of chlorine 
trifluoride? gave the entropy at 284.91°K (b.p.) for the ideal gas 
at one atmosphere pressure as 66.87+0.10 cal per mole degree. 
This is in excellent agreement with the newly calculated value 
(66.90) given in Table I, whereas the Schafer and Wicke calcu- 
lation is low by about one cal per mole degree. 

* Statements and opinions expressed in this article are to be understood 
a expressions of the author and not those of the Navy De- 


1 Schafer and Wicke, Z. Electrochem. 52, 205-9 (1948). 
2 Grisard, Bernhardt, and Oliver, J. Am. Chem. Soc. 73, 5725 (1951). 





Erratum: Nuclear Magnetic Resonance Line Shape 
for a Triangular Configuration of Nuclei 
[J. Chem. Phys. 18, 159 (1950) } 


E. R. ANDREW 
Department of Natural Philosophy, The University, St. Andrews, Scotland, 


* AND 


R. BERSOHN 
Department of Chemistry, Cornell University, Ithaca, New York 


HE term ($+37:) in Eq. (4) should be squared. The correct 
equation was used in deriving Figs. 2(a) and (b). 
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On the Cell Method and the Theory 
of Imperfect Gases 


A. CHWOLES-ENGLERT 
Faculty of Science, University of Brussels, Brussels, Belgium 
(Received February 25, 1952) 


N recent years several authors!“ have tried to modify the 

liquid state theory by Lennard-Jones and Devonshire in order 
to make it applicable throughout the whole density range. A cor- 
rection to the ordinary cell method for the evaluation of the 
configurational free energy has recently been introduced by 
P. Janssens and I. Prigogine.? In this method each cell contains 
0, 1, or 2 particles. 

In order to extend the results of Janssens and Prigogine, we 
have now calculated by the same method the configurational free 
energy of perfect gases, assuming that each cell is occupied by 
0, 1, 2, or 3 particles simultaneously. We have thus been able to 
confirm the conclusions of Janssens and Prigogine that a cell 
method which takes account of the increasing fluctuations of 
density of particles in the system, when large volumes are con- 
cerned, leads to an expression of the configurational free energy 
identical with that given by the classical theory of perfect gases. 

The values of —F/NkT of perfect gases calculated by different 
methods are shown in Table I. 

In the graph (see Fig. 1) —F/NkT, calculated by different cell 
methods and Ursell’s and Mayer’s method, is plotted against p. 
Here the interaction potential used is that of rigid spheres. In this 
case p is related to v, the volume per particle by the relation 


p=’ (vi—n9!). (1) 


TABLE I. 








Classical 
theory of 
perfect 
gases 


Lennard- 
Jones and 
Devonshire 


Inv Inv +-0.88 


Janssens and Prigogine 
0,1,2mod_ 0,1,2,3 mod 


Inv +0.97 





Inv+1 








% is the volume per particle when the particles are close-packed, 
and y’ stands for 3(7)?, where y is a geometrical constant.” 

The curve 3 differs from 2 by a small correction, which is calcu- 
lated for p=1 and p~25: 


F F 


p=1— aime 
NRT, 1, 2,3 model N kTo, 1,2 model, 


p~25, perfect gas, — sana ine +0 97, 
and roughly appreciated between these two points. 

The graph shows that (a) the fluctuations of density and also 
the resulting communal entropy affect the free energy increasingly 
as the volume increases, and (b) the configurational free energy 
of imperfect gases, calculated by Janssens’ and Prigogine’s method, 
isin much better agreement with the value given by Ursell and 
Mayer than the configurational free energy calculated by Lennard- 
Jones and Devonshire. 

We shall now consider how the assumption of fluctuations of 
density of particles in the system in the cell model modifies the 
equation of state of the imperfect gases. 

The equation of state is given by the usual formula 


(po/kT) =v(0/00)(—F/NRT), (3) 
where —F/NkT has to be replaced by 
—(F/NkT) =Ingi+In[1+2(¢2/¢1) J, (4) 


Which is the value calculated by Janssens and Prigogine (0, 1, or 2 
Particles per cell) with 


di=hi $2=(y2/2))4. 
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Fic. 1. —F/NkT calculated by (1) Lennard-Jones’ and Devon- 
shire’s method; (2) Janssens’ and Prigogine’s method, 0, 1, or 2 par- 
ticles per cell; (3) Janssens’ and Prigogine’s method, 0, 1, 2, or 3 
particles per cell; (4) ---—- Ursell’s and Mayer's method (with only the 
second virial coefficient). (vo)? =D, the collision diameter, is taken as 
unity of length. 


yi and y2 are the phase integrals, respectively, of one or two 
particles occupying a cell. They are of the form 


=f exp(—[w(r) —w() eT }do 


~ f f exp{ —[w(r1) —w(0)]/kT} 
Xexp{ —[w(r2) —w(0)]/kT} 
Xexp{ —e(ri2)/kT}doidv2, 


(5) 


with 
v=volume of a cell= volume per particle, 


e(r12) = energy of interaction of the two particles occupying 
the same cell, 


w(r) —w(0) =the cell field referred to its value at the center. 


When the interaction potential used is that of rigid spheres, the 
expressions of y¥ and ¥2 become 


y= yjt2=, 
(6) 


r= ff exp{—e(ris) /AT dnd 


vw is the part of the cell in which w(r)—w(0)=w(r1)—w(0) 
=w/(re)—w(0) (the so-called “free volume”). For rigid spheres 
we have 


01= (v! —a0!). (7) 


For large volumes, the contribution to the free energy of the 
interactions between particles in the same cell is small; thus, we 
can neglect the surface effects in evaluating these interactions: 


va=or J exp(—elr)/kT dv. (8) 


By using transformations similar to those used by Ursell and 

Mayer for the evaluation of the equation of state of imperfect 

gases, the second virial coefficient can be made to appear in 2,‘ 
Yo=02—4 20, fru —exp{—e(r)/kT} dr, (9) 
y2=0,2— 2b, 


where 6 is the second virial coefficient. From the above equations 
we obtain the equation of state 


bao" erae ala 9 
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If we replace ; by its value and expand pv/kT in powers of (v0/v)}, 
we have 


Fai+(2) +(2)' 42) 


The equation of state (11) reduces for sufficiently large volumes 
to that obtained for the crystal-like model of Lennard-Jones and 


Devonshire 
po/kT = 1+(v0/0)!, (12) 


instead of giving the correct virial development. 

The cell methods based on the conception of the average field 
are unable to represent the equation of state of imperfect gases 
even if they take account of the fluctuation of density of the 
particles in the gas. 

Likewise the assumption of fluctuations of density does not 
improve the equation of state in the critical region. The critical 
pressure calculated by the method of Janssens and Prigogine is 
larger than the value calculated by Lennard-Jones and Devon- 
shire, the latter being already in excess of the experimental value. 
This is due to the fact that the fluctuations of density contribute 
to the equation of state, precisely from the critical region onwards, 
what increases the pressure in this region. 

The agreement with experiment could only be improved by 
introducing fluctuations of density at a volume notably smaller 
than the critical volume. Such a procedure is likely to be difficult 
in a model with the number of cells equal to the number of par- 
ticles because in this model the fluctuations of density are limited 
by the size of the cell. This difficulty disappears in a model with 
more cells than particles. But still now such a model has only been 
developed on a semi-empiric level. 

The writer is much indebted to Professor Prigogine, who sug- 
gested the present work, for constant advice and interest. 


(11) 


1H. Milton Peck and Terrell L. Hill, J. Chem. haee) 18, 1252 (1950). 

2 P. Janssens and I. Prigogine, Physica 16, 895 (19. 
( — Wentorf, Hirschfelder, and Curtiss, J. , Phys. 19, 61 
1951). 
4J. A. Pople, Phil. Mag. 42, 459 (1951). 





Mass Spectrometric Determination of the 
Hydrogen-Tritium Equilibrium 


H. C. Mattraw, C. F. Pacnuckt, AND LEON M. DorRFMAN 


Knolls Atomic Power Laboratory,* General Electric Company, 
Schenectady, New York 


(Received February 29, 1952) 


N connection with a current investigation of the rate of 
exchange of hydrogen and tritium at room temperature it 
was necessary to determine the equilibrium concentrations of He, 
HT, and T2. Measurements were made, using a General Electric 
analytical mass spectrometer, on a number of H2—T:2 samples 
extending over a wide range of pressures and compositions. 
Tritium was purified by diffusion through a palladium thimble. 
Hydrogen was purified by absorption and subsequent pumping on 











TABLE I. 
Filament Ion ac- 
Sensitivity emission celerating Source 
(divisions/ (micro- potential temp. 
Date Isotope micron) amps) (volts) (0°C) 
May 1951 He 22.6+0.7 80 1850 100 
D2 23.1+0.7 
October 1951 He 39.4+0.8 120 2050 100 
Dz 39.3 +0.8 
Te: 39.1+0.8 
November 1951 He 19.1 +0.2 80 2300 240 
Dz 19.1+0.2 
Te 19.1+0.2 








® Sensitivities are measured in terms of peak height per unit pressure. 
Pressures covered a range of 10 to 100 microns, 
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a uranium bed. Isotopic equilibrium at 28°C, induced by the 
8-radiation from the tritium decay, was shown to be established 
in each sample by the attainment of constant concentration of the 
isotopic molecules. 

Data were obtained with 75-volt electrons and magnetic 
scanning. Ion accelerating potential ranging from 1850 to 2300 
volts was used. In the case of hydrogen and tritium the atomic 
ions do not interfere in the measurement of the ion current of the 
molecular ions. In order to determine the relative abundance of 
each molecular constituent the ionization current per unit pressure 
must be accurately determined. This is particularly important if a 
reliable value of the equilibrium constant is to be obtained, since 
this constant involves the square of one concentration value and 
the product of the other two. 

Sensitivities for Hz, and Tz were therefore determined using a 
McLeod gauge attached directly to the sample expansion bulb of 
the mass spectrometer. Pressures were read 2 minutes after the 
introduction of a gas sample. The time interval before scanning 
must be precisely standardized. Measurements were made over a 
six-month period during which two new filaments were installed 
in the instrument. The averages of a number of these determi- 
nations and the corresponding conditions are shown in Table I. 
It may be seen that the sensitivities for H2, D2, and T: are equal 
to within less than 2 percent. Friedel and Sharkey! found the 
sensitivities of Hz, HD, and Dz to be equal within 0.8 percent. 
Honig? found the sensitivities of H,+ and D.* to be the same 
within 4 percent and attributed the difference to instrumental 
discrimination. Dibeler ef al. found the sensitivity of T2 to be 
10 percent lower than the other sensitivities. 

The equilibrium concentrations, at 28°C, of five H2—T: 
samples, based on our observed equality of sensitivities are shown 






































TABLE II. 
Sample Pressure Mole percent K ——(HT)* 
No. (mm) H2 HT T: ° 














72.5 



















in Table II. The corresponding values of the equilibrium constant 
are tabulated in the last column. The measurements give an 
average value of K.=2.87+0.06. Several calculations‘~* of this 
equilibrium constant yield a theoretical value of 2.57 at 25°C. 
The discrepancy of +12 percent between our mass spectrometric 
value and the calculated value is greater than experimental 
variation. Schaeffer and Hastings’? reported values of 2.5, 2.8, 
and 2.9, but their results are given to only two significant figures 
since their equilibrium concentration of Hz was less than 1 per- 
cent and hence subject to considerable error as the authors have 
pointed out. 

The possibility that a higher effective temperature existing in 
the electron beam of the mass spectrometer is responsible for the 
higher experimental value cannot be discarded. Variation of mass 
spectrometer parameters has, however, produced no significant 
change in the measured value of Ke. The other alternative is that 
the equilibrium in a radiation field (in this case that of the tritium 
B-radiation) may differ from the thermodynamic equilibrium 
which has been calculated. 
























*The Knolls Atomic Power Laboratory is operated by the General 
Electric Company for the AEC. The work reported here was carried out 
under Contract No. W-31-109 Eng.-52. 

a Phys. 17, 584 (1949). 






1R., A. Friedel and A. G. Sharkey, Jr., 
2R. E. Honig, J. Chem. Phys. 16, 837 194 
3 rk Mohler, Wells, and Reese, J. Research Natl. Bur. Standards 45, 
288 (1950 

4H. C. Urey, J. Chem. Soc. 562 (1947). 

5 W. M. Jones, J. Chem. Phys. 16, 1077 (1948). 

> ym Chem. Bg 18, 481 (1950). 

A. Schaeffer and J. M. Hastings, J. Chem. Phys. 18, 1048 (1950). 
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Measurement of the Heat of Dissociation of 
Fluorine by the Effusion Method* 


HENRY WISE 


Jet Propulsion Laboratory, California Institute of Technology, 
Pasadena, California 


(Received March 17, 1952) 


ARIOUS values have been reported for the heat of dis- 
sociation of fluorine.+* The ultraviolet absorption spectrum 
of fluorine’ was interpreted to yield a dissociation energy of about 
63 kcal/mole, whereas thermochemical calculations based on the 
thermodynamic properties of CIF result in a value of 33 to 40 
kcal/mole.**5 Because of the experimental difficulties, direct 
measurements of the heat of dissociation of Fz; have been lacking 
except for a recent determination of pressure variation with 
temperature by Doescher,® who obtained a value of AH=38 
kcal/mole. 

The gas effusion method as originally developed by Knudsen’ is 
particularly suitable for the determination of the dissociation 
energy of fluorine. It has been applied successfully® to the dis- 
sociation of I; and Bre. Since such measurements are carried out at 
low pressures, an appreciable degree of dissociation may be ob- 
served at relatively low temperatures. Thereby, the major experi- 
mental problem, namely the reaction of fluorine with the con- 
taining vessel, is greatly reduced. 

The experimental measurements, to be described in detail in a 
subsequent publication, were carried out in a nickel vessel con- 
taining a circular orifice with a diameter of 0.019 cm made of the 
same material. The rate of mass flow through this orifice was 
determined from the rate of pressure change in a Pyrex vessel 
containing fluorine gas at room temperature and a pressure of 
10“ mm Hg and located on the upstream side of the orifice. 

By measurement of the variation of mass flow rate m with the 
temperature of the orifice 7, the average molecular weight can 
be computed and from it the degree of dissociation of the gas 
evaluated. Thus for a partially dissociated diatomic gas, such as F 2, 
the mass flow rate through the orifice is given by 


m= PA(M/2eRT)i((1+0.414a)/(1+e)], 


where A denotes the cross-sectional area of the orifice; P, the 
total pressure of the gas on the upstream side of the orifice (assum- 


















= 


\ 


1,00 150 2.00 
(1/T) x 10° (Kk) 

















2.50 


Fic. 1, Equilibrium constant for 4F2(g) =F(g) as a function of temperature. 
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ing that the pressure on the other side of the orifice is negligible) ; 
R, the gas constant; 7, the absolute temperature of the space 
surrounding the orifice; M, the molecular weight of fluorine; 
and a, the degree of dissociation. 

The results of these measurements are presented in Fig. 1, in 
which the logarithm of the equilibrium constant (pressure ex- 
pressed in atmos) is plotted versus the reciprocal of the absolute 
temperature. From the slope of this curve, one obtains a value of 
AH 293° = 39.9+0.8 kcal/mole for the reaction F2(g) = 2F(g). 


* This paper presents the results of one phase of research carried out at 
the Jet Propulsion Laboratory under U. S. Army Ordnance Department 
Contract No. DA-04-495-ORD-18. 

1950) H. Simons, Fluorine Chemisiry (Academic Press, Inc., New York, 

2 A. Eucken and E. Wicke, Naturwiss. 10, 233 (1950). 

%v. Wartenberg, Sprenger, and Taylor, Z. phys. Chem. (Bodensteinfest- 
band), 61 (1931). 

4L. Wahrhaftig, J. Chem. Phys. 10, 248 (1942). 
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Erratum: The Diffusion of Copper in 
Cuprous Oxide 
[J. Chem. Phys. 19, 1539 (1951)] 


WALTER J. MooRE AND BERNARD SELIKSON 
University of Bristol, Bristol, England 


ABLE II in this paper contains numerical errors and must 
be amended. Before comparing parabolic rate constants and 
diffusion coefficients, we must reduce them to the same reference 











TABLE II. 
Temperature D 

~ cm? sec™! cm? sec“ k/D 

1000 5.8 X10-8 3.2 X1078 1.8 
950 3.7 X1078 1.4X107* 2.6 
900 1.2 X1078 7.7 X1079% 1.6 
850 8.4 X1079 4.0 X10~9 2.1 
800 2.1 X1079 1.9 X10~° 1.1 








oxygen pressure. The rate constants k were measured at 0.5 cm, 
whereas the diffusion coefficients D were measured at 0.01 cm. 
The & can be reduced to the lower pressure by division by (50)'/*. 
With n=7, the factor becomes 1.75. The corrected table is given. 
The mean value of the ratio k/D is now 0.8+0.2. This is close 
to the value of 2 which would be expected if there is a uniform 
distribution of vacancies throughout the cuprous oxide used in 
the diffusion experiments. 





Ultrasonic Velocity in Liquids and Liquid Mixtures 
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HE ultrasonic velocity u (m/sec) in a liquid or a liquid mix- 

ture is mainly determined by its intermolecular properties. 
As the simplest intermolecular property is the free length L(A) 
between the surfaces of the molecules, it seems only natural to 
try to find an empirical relation between u and L. Such a relation 
can be found, as it has been shown in an earlier work! that the 
adiabatic compressibility 8 is related to the free length through 
B=kL?, where k and # are constants dependent to some extent on 
the temperature. The value for » is very close to 2 at room tem- 
perature. As 8=1/u*d, where d is the density, we get 


uLd}=const=K. (1) 
The values for K at different temperatures are given in Table I. 
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TABLE I. Values for the constant K at different temperatures. TABLE II. Intermolecular free lengths at 20°C calculated from 
ultrasonic velocities and from definition. 






















Temp. 








































(°C) 0° 10° 20° 25° 30° 40° 50° Intermolecular free 
length (A) 
K 588 604 618 625 631 642 652 is Che 
u from u, from 
Substance (m/sec) d Eq. (1) Eq. (2) 
The i Pentane 1044 0.621 0.75 0.74 
e intermolecular free length has been defined as Benzene : 32 6 0.87 8 0:30 ret. 
= oroform 1 1.4 . 0.52 
L=2V./Y, (2) Chlorobenzene _ 1.107 eo ase 
where the available volume Va= Vr—Vo is the difference in a ons rot 0.73 Mem — 
molar volumes at 0°K and T7°K. Y=(367NV,?)! is the total Aniline 1656 1.022 0.37 0.37 V 
molecular surface in one mole if N is Avogadro’s number. Ol 


Equation (1) has been tested for 55 nonassociated organic 
liquids of widely different kinds and for 5 series of liquid mixtures, 
each at 4-8 concentrations. In this way it has been found that 
free lengths can be computed with an accuracy of a few percent 
from sound velocities determined experimentally. Conversely, if 
the free length is known the sound velocity can obviously be 
computed with a similar degree of accuracy. Table II gives some 
examples of free lengths computed from (1) and (2). As the re- , — ; a" 
lation shown also applies to associated liquids, this makes possible sound velocity determinations from the chemical standpoint lies 
the computation of association factors from sound velocities, in the possibility of studying intermolecular phenomena, e.g., 
provided the zero volume Vo is known. Association factors com- molecular association. 
puted in this way for organic acids and alcohols agree well with +2, Senseen, ete Chem, Gendt. (ao be pull, 2060. 
those obtained by other methods. 2 See, e.g., L. Bergmann, Der Ultraschall (Hirzel Verlag, Ziirich, 1949). 






Many attempts have been made to relate sound velocity and 
chemical constitution.? The fact that no simple generally appli- 
cable relations have been found is explained by the viewpoints 
presented here. The sound velocity is determined by the inter- 
molecular free length, as well as by the density, and has no direct 
relation to the constitution. In the author’s opinion the value of 
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